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The aim of this investigation was to develop computer-aided 
performance prediction and design procedures for all types of 
hydrokinetic transmission units. The types of fluid transmissions 
considered were Fluid Couplings, Three Element Torque Converters and 
Multi-Element Torque Converters.
Two types of analyses were used to investigate these units. The 
Forced Vortex Theory and The Single Mean Streamline Theory. In 
both cases the energy dissipated in the flow path was considered to 
be composed of incidence or shock losses, friction losses and 
secondary circulation or bend losses.
Initially, the Single Mean Streamline Theory was developed for the 
design of Fluid Couplings and Three Element Torque Converters.
The procedure was assessed by comparisons with existing designs and 
then developed into a generalised computer program procedure for 
the design of Multi-Element Torque Converters. A computer 
procedure for the performance prediction of Multi-Element Torque 
Converters was developed in a similar way.
To supplement the theoretical work, a rig to visualise flow 
behaviour inside a Three Element Torque Converter was built.
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NOTATION
2A Circuit flow area in the unbladed sections m
2AB Circuit flow area in the bladed sections m
2
Aç, Average circuit flow area over several stations m
AK Circulation loss parameter
AR Aspect ratio as applied to flow in bends
2BAB Circuit flow area at a baffled station m
BK Bend loss constant
C Absolute velocity of fluid m/s
Cm Meridional circulating velocity of fluid m/s
CGC Coefficient of contraction
Cr Ratio of the meridional circulating velocity to the
pump speed Cjjj/Up
C9 Tangential component of velocity of the fluid m/s
D Hydraulic diameter m
DR Diameter ratio as applied to contraction loss
Kq Circulation loss multiplier
K% Incidence loss multiplier
Kq L o s s  coefficient for a sharp edged thin orifice
L Hydraulic length m
P Power Kw
Pc Power loss due to the circulation of the fluid Kw
Pd'is Power dissipated for the system Kw
Plel Power loss due to sudden enlargement Kw
^LFR Power loss due to friction Kw
Plbe Power loss due to bends Kw
PlCB Power loss for a sharp edged thin orifice Kw
PlCO Power loss due to contraction Kw
PliN Power loss due to incidence KW
Plt Power loss for the total system Kw
PR Perimeter m
Q Volume flow rate m^/S
iB Radius to outer edge of baffle m
Rq Radius to the core m
Inner core radius m
R^O Outer core radius ni
Rd Radius to the design path m
Inner design path radius m
II
R^O Outer design path radius m
Rg Reynolds number
Rj Inner radius of the converter m
Radius to the centre of the design path m
Rq Outer radius of the converter m
Rg Radius to the shell m
SR Ratio of the output speed to the input speed
2 5T Non-dimensional torque x/pw Rq
I / ^ 2T Non-dimensional torque i/P^2^2p ^^2
Tĵ  Torque ratio m
Th Blade thickness m
U Speed of the rotating components m/s
W Relative velocity of the fluid m/s
WF Relative velocity function
W0 Tangential component of the relative velocity of the
fluid m/s
a Ratio of the circuit flow area at any station to the
circuit flow area at station 2 




ebl Effective blade length that the blade angle has an
effect on divided by the total length (based on 
arc length) 
f Friction factor
gr Gear ratio of a planetary gear set
m Mass flow rate Kg/s
mr Radius of the mean streamline m
net Number of components
p Angle to the station with respect to the vertical degrees
r Ratio of the radius to the design path at any
station to the radius to the design path at 
station 2
rad Radius m
t Number of teeth
w Width m
X blade offset ^













Absolute flow angle with the meridional direction 
Angle between inlet and outlet of the pump 
Angle between inlet and outlet of the turbine 
Relative flow angle with the meridional direction 
Blade angle
Cone angle of the unbladed component 
Efficiency
Cone angle of the bladed component 
Absolute viscosity 
Kinematic viscosity 
Density of the fluid 
Slip factor
Slip factor at a particular speed ratio 
Torque of a component
Angle to a station from the vertical in a clockwise 
direction 
Rotational speed of the component
Ratio of the rotational speed of the stator to the 
rotational speed of the pump '
Ratio of the rotational speed of the turbine to the 




























Subscript for the arbitrary element line within an 
element 
Subscript for a component 
Number of elements 
Pump
Planet carrier of a planetary gear set 
Reaction wheel of a planetary gear set 
Stator
Stall conditions
Sun wheel of a planetary gear set 
Turbine
IV
Suffices for Section 2.1 and 2.2
1 Station 1 pump inlet/stator (or turbine for a
fluid coupling) outlet
2 Station 2 turbine inlet/pump outlet
3 Station 3 stator inlet/turbine outlet
Suffices for Section 2.3
I Subscript for the element of the torque converter
J Subscript for the stations of the element of the
torque converter 
K Subscript for the outlet conditions of the preceding
element from the element under consideration.
Suffices for Section 3
I Subscript for the inlet of a component
J Subscript for the outlet of a component
1 Conditions at pump discharge
CHAPTER 1 - INTRODUCTION
This project is concerned with the development of analytical design, 
procedures for different types of hydrokinetic devices such as fluid 
couplings and torque converters. The aim has been to produce a 
complete design procedure for any specified hydrokinetic device by 
the application of the classic dynamic incompressible fluid 
equations of continuity, momentum and energy.
The different types of hydrokinetic units are characterised by the 
arrangement of their components, pump, turbine and stator. The 
simplest hydrokinetic device consists of a hydraulic pump and 
turbine closely coupled without any mechanical link, so that the 
fluid flows in a closed circuit. As the pump rotates, the power 
transferred from the pump to the fluid gives a fluid flow having 
two separate motions. One is a rotary flow in the direction of the 
pump rotation and the other is a vortex flow between the members of 
the device. This is caused by the difference of the centrifugal force 
produced in each member, namely the pump and the turbine. Initially, 
the turbine is stationary and therefore there is a centrifugal force 
acting on the fluid. Consequently, the fluid in the pump under the 
influence of centrifugal force enters the turbine and forces the fluid 
through the turbine back to the inlet of the pump. Thus a 
circulation is set up and is continuous as long as there is a difference 
between the speed of the pump and the turbine since both have the same 
outer dimensions. As the pump speed increases the vortex flow 
gradually decreases due to the counter pumping action of the turbine.
The degree of vortex flow is dependent upon the slip; when the speed 
of the turbine becomes equal to the pump, (which never occurs in 
practice), the vortex flow ceases and the whole of the fluid will flow 
in a rotary path as a solid body. These simple units, known as fluid 
couplings, are capable of transmitting torque but not capable of 
providing an output torque in excess of the input torque.
Torque converters include a stationary member in order to develop 
torque multiplication. The stator, which is usually positioned after 
the turbine, provides a torque reaction, in order to achieve this torque
multiplication, by redirecting the flow prior to entry into the pump, 
Under certain operating conditions the torque on the stator becomes 
zero and then negative; this leads to an undesirable condition 
where the output torque is less than the input torque. In order 
to prevent this, the stator is usually arranged on a sprag set so 
that when the reaction torque becomes negative the stator rotates 
freely. The point at which this rotation commences is referred to 
as the coupling point, that is the unit ceases to provide any 
torque multiplication and operates simply as a fluid coupling.
To obtain torque multiplication greater than that possible from a 
three element torque converter a multi stage unit is often used.
The multi stage torque converter is a modification of the three 
element unit by including extra turbine and/or stator elements in 
the system. The hydrodynamic torque multiplication is usually 
combined with mechanical torque multiplication through planetary 
gear sets and therefore large overall torque multiplications and 
improved efficiencies, which are not possible in a pure hydro- 
dynamic torque converter, can be achieved.
Hydrokinetic devices are widely used in transmission systems of many 
road vehicles, cranes, lifts, trucks, earth moving vehicles, 
military vehicles, etc. The advantages of these devices are
i) Complete smoothness during speed ratio changes.
ii) Compared to the geared' system of providing speed ratio 
changes, the device is simple, completely automatic and 
reliable.
iii) If the unit is driven directly by the engine, other
driveline components are subsequently free of effects 
of engine torsional disturbances. This eliminates the 
need of torsional dampers or isolators.
iv) Shock effects (due to the cushion of oil) on driveline
components resulting from abrupt changes in resistance to 
vehicle motion, wheel rotation, and transmission gear 
ratio are greatly reduced.
v) Combination of reduced torsional and shock loads result 
in longer life for all functional components of the 
vehicle.
vi) Full torque is developed only at full speed therefore 
easing starting load on an engine or motor.
1.1 Historical Survey
The first hydrokinetic device was built by Professor FOttinger in 
1908(1) and was used for reducing speed for high horsepower steam 
turbines for ship propulsion. Interest in hydrokinetic devices 
became serious in the 1930's, largely in America, and by 1938 their 
use had been initiated in city buses. During the second world 
war considerable effort was applied to their development and a 
number of applications to heavy military vehicles results.
Following the war, development of the units was undertaken 
extensively for application to road vehicles, the prime objective 
was to obtain a simple to make unit resulting in low cost.
Evidence of the success of this work is shown by the millions of 
units built since 1950 with application to passenger cars, heavy 
commercial vehicles, military vehicles, cranes, lift trucks, 
track-laying tractors, highway rollers, etc.
Also during this period and particularly since the early 1950's, 
the technology required for the design of radial flow compressors, 
pumps and turbines had been developed using detailed fluid 
dynamic analyses, culminating in extensive computer-aided design 
procedures. Considering that the torque converter is essentially 
a combination of hydraulic pumps and turbines it is somewhat 
surprising that the developments in turbomachinery technology have 
not been extended and applied to the design and analysis of fluid 
couplings and torque converters.' Although most of the work on 
torque converters has been carried out in ’"the United States, 
recently Europe has shown an increasingly greater interest in 
converter usage in various types of applications and it can be 
expected that torque converter technology will expand accordingly.
The calculation of performance maps of fully filled fluid couplings 
has been carried out by a number of authors. The first attempt to 
calculate the torque converter characteristics was given by 
Eksergian (2) who considered a single effective flow path and 
applied fundamental fluid mechanic equations to obtain the 
hydraulic power losses. For compatibility he assumed that the 
fluid was subjected to friction and turbulent losses which are
characterised by enterance shock losses between blade systems and 
friction losses in the blades themselves. The shock losses were 
taken as proportional to the square of the change in tangential 
velocity from the exit of one element to the inlet of the next, and 
the friction losses were assumed to be the square of the relative 
exit velocity multiplied by a loss coefficient of 0.2. Subsequent 
authors followed the same assumption as Eksergian, that is the fluid 
circulating within the closed circuit has a uniform velocity profile, 
fig. 1.1 (a) with perhaps slight modifications in the loss equations. 
Qualman and Egbert (3) for example gave the circulation loss similar 
to the friction loss of a fluid flowing through a pipe or channel.
This loss was considered to be proportional to the square of the fluid 
velocity in the axial plane multiplied by a flow loss coefficient 
which varied with the speed ratio. Until recently most authors 
followed the theoretical procedure of Qualman and Egbert but the work 
of Sivalingam (4) should revolutionise the analytical methods for 
hydrokinetic units. He has developed theoretical procedures based 
upon a distributed forced vortex, see fig. 1.1 (b) to give 
predicted performance characteristics of fluid couplings (wi^h 
straight blades, core-ring, angles other than zero baffle plates and 
partial filling) and three element torque converters, see section 1.2.
While theoretical procedures to give performance maps exist, analytical 
methods for the detailed design of a hydrokinetic device have not yet 
been published. Torque converter design is based largely on the use
of dimensional analysis, to build similar units to one of known 
satisfactory performance, see ref Jandasek '(5) and Self Changing Gears (6) 
The most comprehensive presentation of torque converter design is that 
by Jandasek who gives an extensive collection of data defining the 
relationship between blade angles, stall torques, capacity and 
efficiency. This data has been derived from development testing 
performed on a number of converter sizes over a 15 year period.
Lucas and Rayner (7) give a mathematical analysis of the three 
element hydrokinetic torque converter and a procedure for its design.
They prepared a digital computer program to give performance curves of 
a torque converter. The input design parameters, i.e. the torque 
converter geometry, were specified and by altering a particular design 
parameter the calculations were repeated to give different performance
characteristics. This does not constitute a design procedure but 
a theoretical performance prediction procedure of a torque 
converter of known geometry.
The first torque converter to appear in a passenger car that 
incorporated more than one turbine was a four element unit having 
an impeller, two turbines connected together as one member and a 
reactor. Since then many types of multi element units have been 
produced but very little published information is available. The 
only one of note is by Walker (8) who gives performance characteristics 
of various multi element units, some of which have external planetary 
gear sets to give mechanical torque multiplication as well as 
hydraulic torque multiplication. The types of gear systems associated 
with torque converters are given in greater detail by Waclawek (9).
1.2 Previous work at the University of Bath
Complete performance prediction procedures for fluid couplings and 
torque converters have been developed by Sivalingam (4). The 
technique used was referred to as the Forced Vortex Theory. This 
procedure assumed that the fluid circulating within the closed 
circuit had a distributed velocity profile which increased linearly 
from zero at the mean radius, fig. 1.1b. The theory was based on 
the application of the classic dynamic equations of continuity, 
moment of momentum and energy to a single streamtube and then 
integrating over the limits of the device concerned. The loss 
mechanisms considered in the flow path were :
i) The incidence loss created due to the discontinuities in 
the flow direction at the inlet of each member
ii) A secondary flow loss similar to that generated in a 
simple pipe bend
iii) A skin friction loss produced by the viscous shear effect 
of the working fluid within the members of the device
Sivalingam's approach differed from those described in the earlier 
literature through the assumption that the circulating motion was 
a forced vortex, and by presenting a more thorough description of 
the loss mechanisms.
The theoretically predicted*performances were compared with 
simpler theoretical procedure^ available in the literature and 
experimental results available from industry. In general 
Sivalingam obtained good agreement between theoretical and 
experimental results and showed that the forced vortex theory was 
an improvement on earlier theories.
By specifying the hydrokinetic unit geometry in a non-dimensional 
form the performance characteristics were predicted in the form of 
non-dimensional torque x/p and non-dimensional power
P/p (Op̂  Rq  ̂as a function of slip or speed ratio. The predicted 
performance characteristics of various commercial units are shown 
in figs. 1.2 to 1.7 and if required the conventional dimensional 
output data can readily be obtained for a series of input speeds
by specifying the outer radius of the converter and the density of 
the working fluid.
1.3 Background and aim of the present work
The work in the University of Bath on hydrokinetic units is part of 
a wider investigation into complete engine transmission systems. 
Previous work on the hydrokinetic units was largely confined to 
theoretical formulations for the various types of devices and the 
matching of these devices with the engine and transmission system.
No experimental work was carried out, but the computer programs were 
carefully checked against experimental performance curves for a 
variety of commercial units.
With very little published information available on the design of 
hydrokinetic units, it was decided to expand the original work with 
specific emphasis on torque converters. It was proposed to apply 
the procedures developed by Sivalingam (4) to existing designs of 
couplings and torque converters to study the effect of geometric 
parameters and fluid properties on the predicted performance.
Due to the lack of detailed experimental data for the validation 
of the theory, it was decided to construct a transparent torque 
converter so that the details of the internal flow conditions could 
be studied. The measurements of the fluid circulation velocity and 
the incidence angles will provide essential information for the 
assessment of the empirical loss models used in the prediction 
procedures.
The central emphasis of the proposed program of study was, however, 
the development of a design procedure for three element torque 
converters with a view to generalisation to multi element units.
The design procedure to be essentially a one-dimensional fluid 
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CHAPTER 2 - DEVELOPMENT OF DESIGN PROCEDURES FOR HYDROKINETIC UNITS
In this section the analysis was directed to the calculation of all 
blade angles required for the design of a hydrokinetic unit 
including :
i) 2 element conventional fluid couplings
ii) 3 element conventional torque converters
iii) Multi element hydrokinetic units containing any
combination of stators and turbines
All the procedures assumed that the torus size and the position and 
size of the central core could be specified. The central core was 
usually positioned to yield a constant flow area throughout the 
circuit, and Jandasek (5) gave an empirical procedure to calculate 
the core size. Generally the analysis required the specification 
of input and output stall torques, and the speed ratio at which zero 
incidence losses was required. These parameters were dependent 
upon the performance requirements from the vehicle under consideration. 
Tractive effort requirements for start up determined the stall torque 
ratio, and if a gearbox was used to supplement this ratio its effect 
must be included in the determination of the required torque output 
of the torque converter. The speed ratio at zero incidence was 
usually specified as 0.9 and then reduced systematically until a 
solution was obtained.
By specifying alternative overall torus sizes a series of torque 
converters can be designed from which the optimum can be selected 
with the aid of the prediction procedures.
The general aim of all the analytical procedures was to calculate 
the rate of circulation of the fluid through the torus in order to 
ensure the correct energy balance. It was therefore necessary to 
derive expressions for the input and output power and for the 
energy dissipation within the torus. The energy dissipation was 
calculated by the application of empirical loss models and equations. 
The general philosophy used has been to develop a satisfactory 
design procedure without unnecessary complications, and therefore the
11
relatively simple loss models of Qualman and Egbert (3) have been 
used in order to complement the detailed performance prediction 
procedures developed by Sivalingam (4) for three element torque 
converters, and developed in this study. Chapter 3, for multi­
element torque converters.
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2.1 The design procedure for fluid couplings
Conventional fluid couplings have zero blade angles and no core; 
therefore the performance will only be dependent on the outer radius,
R^. If, for a fixed outer radius, the performance characteristics
need to be modified then the blades must be made non radial, or 
special devices such as baffles have to be introduced.
Fig. 2.1.1 shows a typical arrangement considered by the analysis, 
the objective being to calculate the inlet and the outlet angles of 
the elements, namely 3^^, ggp' ^2T ^IT* (Fig.2.1.2). The 
design procedure considers two operating points
i) The stall point, where the speed ratio = O
ii) The zero incidence condition, where the speed ratio
ü)r = which must be specified.
The zero incidence condition is the speed ratio at which the 
circulating fluid moves smoothly from one component to the next, 
i.e. the condition at which no incidence loss will occur. <Fhe 
required stall torques must be specified as well as the outer and 
inner radii of the coupling.
2.1.1 Basic theory
Calculation of the radius to' the design path, fig. 2.1.1
By using the continuity condition of equal" flow rates in the lower 
and upper portions of the pump or turbine it can be shown that the 
mean flow path has a centre of radius R^ given by :-
■IR = /R^ + Ri 2.1.1m 2
Similarly the upper and lower radial locations of the mean flow 
path is given by :-
I = /r  ̂+ D2R_ R R^q 2.1.2
13
and RDl 2.1.3
For the common coreless fluid coupling R^^ = R^ = Rm
Power input to the fluid coupling
Central to all analysis of turbomachines is the Euler turbomachinery 
equation which relates torques to the rate of change of angular 
momentum. For any operating speed ratio, assuming zero gaps between 
the elements :-
Tp = a (ce^p Rp,) 2.1.4
From the velocity triangles of fig. 2.1.2, which assume that the 
fluid is perfectly guided by the blades
^®2P “ “2P + ^ 2  S p 2.1.5
2.1.6
For continuity
m -  P ^ 2  ^ni2 “  P A , Cjn1 ^ 1 2.1.7
noting that 
^2P ^P *02 2.1.8
and Rq^ 2.1.9
equation 2.1.4becomes





_ “*T _ "^2 ^2 ^ 1




rearranging equation 2.1.11 yields
r.
t; = (1+ Cr2 (tan ^  tan r^2) 2.1.12
where :-
t ' is a non-dimensional torque — -—  2.1.13
P «02
cC is a non-dimensional circulating velocity ^2 2.1.14
"2p
“tw is a non-dimensional speed ratio —  2.1.15
R 0)p
^0r is a non-dimensional radius -—  2.1.16
'£>2
Aa is a non-dimensional area —  2.1.17A2
The non-dimensional torque — -—  was used in this analysis
P^2"2l ^ 2
instead of the usual expression —  ----  for ease of calculations.
Appendix 1 derives the mathematical relationship between these two 
alternative dimensionless torque parameters.
The power loss for the coupling is given by :-
^LT “ tp lOp - 2.1.18
For the fluid coupling there is no torque multiplication, therefore 
= T:p 2.1.19
and the power loss in a non-dimensional form becomes 
*‘lt
  3 =  T p  (1  -  “ r > 2 .1 .2 0
P ""2 "2P
The total energy input to the fluid coupling must be equal to the 
total energy dissipated in the circuit.
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Energy dissipated in the circulating fluid
The power dissipated within the fluid coupling was considered to 
be absorbed by the circulating fluid in the form of incidence and 
circulation losses. These losses cannot be calculated 
theoretically so it was necessary to use empirical models and 
equations.
The incidence loss at pump inlet was considered to be given by : -
^LiNp = I  <”e i p - V > '  2.1.21
From the velocity triangles, fig. 2.1.2
W01P = Cmi tan G^p 2.1.22
and W0^ = - Up^ 2.1.23
= "t1 + «01T - "Pl y 2-1-24
= «T1 + Cmi tan Bit - Upi 2.1.25
Substituting into the pump incidence loss equation 2.1.21 yields
^LINp= —  ( —  ^P-"T1- —  "Pl I 2.1.26
2.1.27
Using the non-dimensional expressions this reduces to
P Cd  /  Cü '
- ^ 3  = (tan 3^p - tan \ 2.1.28
Similarly the incidence loss at the turbine inlet is given by
PlINr = &  ("82, - "82) ' 2.1.29
16
Leading eventually to
P C  2
- (Cr „ (tan 3 - tan 3.^) + w -1) 2.1.30PA^U^I ^  2 2T
The circulation loss was considered in its simplest form and is 
given by
Pc = | a K c 2 2.1.31
where AK is an empirical loss parameter
Using the non-dimensional expressions this equation becomes
“  c : 2.1.32
The summation of the empirical loss equations 2.1.28, 2.1.30 and 
2.1.32 gives the total energy dissipated which must be equated 
to the total energy input equation 2.1.20. /
Fluid coupling energy balance
The total energy input to the fluid coupling must be equal to the 
total energy output. The total input power is supplied by the 
prime mover driving the pump/ the output power is composed of that 
available at the output shaft and that dissipated as heat from the 
casing.
In order to simplify the equations the following substitutions are 
used :
\P1T " ®1P ■ ®1T 2.1.33
and %2T2p = tan ®2P 2.1.34
%2P1T = ®2P ■ ®1T 2.1.35
For the energy balance, equations 2.1.28, 2.1.30, 2.1.32, the power 
dissipation equations, and equation 2.1.20, the power loss equation.
17
are equated to give 2
Tp(l-WR)= + 1̂ - V l l  + -f" (CR2 *2T2P+
2.1.2 Procedure for evaluating the blade angles 
Stall conditions
At the stall point where w = O equation 2.1.12 gives^ / A»
< S T  = % S T  + C«2sT ^2P1T> 2.1.37
and equation 2.1.36 gives
Zero incidence conditions
At the zero incidence condition where m and the incidenceR RD
losses are zero equation 2.1.28 gives
^«2D %1P1T + ^ 1 ^  - “r d ’̂ I^I = ° 2.1.39
and equation 2.1.30 gives
C«2D %2T2P + "RD -1 = ° 2.1.40
The torque is given by equation 2.1.12 as
X^p^T - “rD 2.1.41
and the energy balance by equation 2.1.36 as
• ^Tpp (1 - Wpp) = 2D AK 2.1.42
18
2.1,2 -Blade angle calculation
For the specified input parameters, w ̂  and equations
2.1.37, 2.1.38, 2.1.39, 2.1.40, 2.1.41 and 2.1.42 must be solvedIfor the unknowns T ^ and the four blade anglesR2D, R2ST PD
^1P'^2P' ^2T ^IT ^ equations and 7 unknowns. This means
that one of the unknown parameters must be specified and 3^^ has 
been chosen. It is shown in a later section (2.3) that the value 
of 3^p can be calculated theoretically.
This system of equations was solved iteratively by estimating the 
circulating velocity and after computing the necessary parameters
the energy balance at zero incidence was checked through equation 
2.1.42. If the energy balance was not satisfied, the estimated 
velocity was modified and the calculation repeated. Once the
energy balance was satisfied all the geometric design parameters 
could be calculated.
In addition the complete performance characteristics of the y 
computed design could be calculated using the above formulations.
2.1.3 Application of the design procedure
The major difficulty in the application of this design procedure was 
the specification of the empirical circulation loss coefficient AK.
The computer program was, therefore, written to either design and then 
predict the performance of the fluid coupling or to predict the 
performance of a known design. This latter option was used initially 
to obtain the correct order o f magnitude for AK by predicting the 
performance of a known design. The parameter AK was systematically 
varied until the predicted and experimental stall torques coincided, 
see fig. 2.1.3.
These known designs were then redesigned using the design option.
For conventional designs with straight vanes no operating condition 
exists where zero incidence loss will occur. The calculated design 
yielded twisted blades for both elements and showed that higher 
torque capacity could be achieved, from a torus with given overall 
dimensions, than that possible with a conventional design, see 
table 2.1.1. However the advantage was offset by the added
19
complexity and cost of the twisted blade design.
It is shown later that although blade angles can be designed for 
high stall torque capacities, if these blade angles are high, then 
due to their excessive twist and the consequent reduction in flow 
area, the forced vortex theory or the uniform velocity theory 
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2.2 The design procedure for three element torque converters, fig. 2.2.1
The design procedure for three element torque converters using the 
single mean streamline theory was developed in a similar manner to 
that for the fluid coupling. The objective of the design procedure 
was to fully design the torque converter for any specified stall 
torque capacity and outer radius R^. The major problem reduced to the 
computation of the blade angles at the inlet and the outlet of each
element i.e. 3^p/ Ggp' ^2T' ^3t ' ^3S ^IS' 2.2.2. As
with the fluid coupling the specified operating conditions were
considered to be at the stall and the zero incidence points. The 
zero incidence condition was considered to occur at a speed ratio 
below the coupling point, consequently the stator was always 
stationary at the zero incidence speed ratio.
2.2.1 Basic theory
Calculation of the radius to the design path
The mean streamline is located so that it bisects the flow ar̂ ea at 
any station leading to :
Rg + «C^  2  2.2.1
The element line which is a line joining and R^ may or may not 
be perpendicular to the design path.
The circuit flow area at any station is given by the formula for the 
surface of revolution of the frustrum of a right circular cone, i.e.
^ = c d *  («S - 2.2.2
where \p is the angle clockwise from the vertical to the station 
considered. This angle can be found from the known geometry of the 
torus or simply measured, noting that if it is 90° or 270° a division 
by zero occurs in the above equation and R^ is equal to R^. The circuit 
flow area then becomes :
A = 2w 2.2.3
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Power input to the torque converter
Using the Euler turbomachinery equation which relates torque to 
the rate of change of angular momentum the following fundamental 
equations can be derived for any operating speed ratio,
“ <S2P *̂ D2 - =813 *Dl' 2.2.4
D3 " ^82P ̂ D2^ 2.2.5
™ ^^01S ̂ D1 " ̂ 03T %3^ 2.2.6
As the fluid which completes one circuit from the pump inlet 
through each element and back to the pump inlet, must have no net 
change in moment of momentum, there can be no net torque 
exerted, i.e.
Tp + + Ts = 0  2.2.7
It should be noted that the input torque is defined as a 
positive torque and consequently the output torque is negative. 
As it is conventional to have a positive torque ratio this is 
defined as
T = - —  2.2.8
From the velocity triangles shown in fig. 2.2.2 which assume that 
\ the fluid is perfectly guided by the blades
^ 2 P  = “2P + ^m2 ^2P 2.2.9
® 1 S  = "is + "ml 2.2.10
"0 3T = "3 T ^ " m 3  2.2.11
The sign convention is such that a positive blade angle directs 
the fluid in the direction of rotation of the blades.
Noting that continuity yields
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^mi n̂i2 ^2 ^^3 ^3 2.2,12
the following torques can be derived using the non-dimensional 
expressions shown in equations 2.1.13 to 2.1.17. It should be 
recalled that the reference station for the non-dimensional 
parameters a and r is station 2, the pump exit.
r
Tp = %  Cl + Cr2 (tan g^p - tan g^g) - 2.2.13
o r
rp' — r> //,! y + P /  T R2  ̂R 3 R2 tan 6^^ - tan “1 ) 2.2.14
r r
and t; = CR^CwQxr: + Cr^ tan ‘ tan g^^) - 4  2.2.15
where is the non-dimensional speed ratio
The power loss for the torque converter is given by
V  = ■'pV  V t 2.2.16
remembering that is a negative value
In the non-dimensional form this becomes
^LT ' '^  = T_ + T w_ 2.2.17
The total power input to the torque converter must be equal to the 
total energy dissipated.
Energy dissipated in the circulating fluid
Using the same empirical modals and equations as for the fluid 
coupling; the incidence loss at pump inlet is given by
^LINP = I'"eiP - V  ' 2.2.18
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where W and Wg^ are obtained from the velocity triangles in 
fig. 2.2.2 as :
"8ip = tan 2.2.19
and Wg = tan g^g - + U^g 2.2.20
Substituting into the pump incidence loss equation yields
PlINP ^  /tan g^p - tan g^g ^  “gx '
P^2"2P" 2 ( a^ CR^ Cr 2
Similarly the incidence loss at turbine and stator inlet is
^ p 3  = y ^2T -  »2P + %  -  c T '
p..„. bp 2and LINs _ ^2 /tan g - tan g
P^2"2p2 “ 2 I  ---------
The circulation loss is given by
o)___ r_ w_r
2.2.23
P = ^  AK 2.2.24C 2 m
If the central core is located so that the flow area around the
torus is not constant, the circulating velocity varies in
order to satisfy the continuity equation. In such a case, the
average circulating velocity is considered
2
m AK /"'“I ' ^ 2  ' ^ 3  ] 2.2.25
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Applying the continuity equation and the non-dimensional expressions 
the equation becomes :-
Pq C 3 AK Ac
 3 = o-----  2.2.26
P V 2 P  ■
=1 + *2 *3 + ®3Where A^ = — -----  2.2.27
C 3 *1 *3
The summation of the empirical loss equations 2.2.21, 2.2.22, 2.2.23 
and 2.2.26 gives the total energy dissipated which must be equated 
to the total energy input equation 2.2.17
Torque converter energy balance
The total energy input to the torque converter must be equal to 
the total energy output.
In order to simplify the equations the following substitutions are 
used :-
%1P1S = tan - tan g^g 2.2.28
%2T2P = tan g^^ - tan g^, 2.2.29
%3S3T = tan g^g - tan ĝ .̂  2.2.30
%2P1S = tan g^p - tan g^g 2.2.31
^3
and = 7 ” ^3t " tanggp 2.2.323
For energy balance 2.2.21, 2.2.22, 2.2.23 and 2.2.24, the power
dissipated equations, and 2.2.17, the power input equation gives :
2
■ %r) )
This basic theory can now be used to give the design procedure
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2.2,2 Procedure for evaluating the blade angles 
Stall conditions
At stall the turbine member is stationary therefore '= O and 
= O, the torque equations 2.2.13 and 2.2.14 give
^PST ^ ^^2ST ^^2ST *2P1S 2.2.34
and = ARncm “ CR--- 2.2.35Tst 2ST 3T2P R2ST






At zero incidence the power loss due to incidence is zero, 
and Ü) =0, therefore equations 2.2.21, 2.2.22 and 2.2.23 give
% 2 D  %1P1S + *1 = ° 2.2.37
"«2D %2T2P + "RD - 1 = ° 2.2.38
"R2D %3S3T - "RD =3 *3 = ° 2.2.39
From the energy balance equation 2.2.33
*RD = "Rio AK , 2.2.40
2
and from the torque equations 2.2.13 and 2.2.14
^'pD = "R2D ^ "R2D %2P1S 2.2.41
Ttd = (oJjjp fg - 1) + Cĵ 2D *3T2P 2.2.42
Blade angle calculation
For the specified input parameters and and equations
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2.2.34, 2.2.35, 2.2.36, 2.2.37, 2.2.38, 2.2.39, 2.2.40, 2.2.41 and 
2.2.42 must be solved for the unknowns and
the six blade angles g^p, g^p, Gg?' g^g and i.e. 10 unknowns
and only 9 equations. This means that one of the unknown parameters 
must be specified and as for the fluid coupling g^p has been chosen.
With g^p specified an iterative procedure was used which initially 
estimated Cpgp and then solved the equations in a similar manner to 
that for the fluid coupling; finally using equation 2.2.40 to check 
the power balance. However greater insight into the design problem 
was gained by combining these equations and reducing the unknowns.
The pump and turbine equations at zero incidence (2.2.41, 2.2.42) 
and stall (2.2.34, 2.2.35) and the energy balance equation at zero 
incidence 2.2.40 were combined to give :-
^*2D W  - ^^2D I ̂ PST~^R2ST - /'^Tst~^^2St\Vl- WR^ r^ + WR^ = O
 ̂ \ ^*2ST V  ^2ST //
^ ' 2.2.43
The incidence loss equations at zero incidence 2.2.37, 2.2.3& and 
2.2.39 and the energy balance at stall 2.2.36 were combined to give :
CR2d(*K '̂ R2st ^1 "R2ST  ̂^PST^ " ^"Rd"R2ST " “rD^
+ CR2ST + “r^ 4 ^  = ° 2.2.44
Equations 2.2.43 and 2.2.44 provide two equations for the unknown 
circulating velocities and ^Rgg^. These simultaneous
equations show that the circulating velocity is independent of the 
blade angles, this is due to the simplified method used to calculate 
the circulation losses, see equation 2.2.24. After solving for 
Cp2D CRgg^ the blade angles follow from equations 2.2.34, 2.2.35,
2.2.37, 2.2.38 and 2.2.39 remembering that g^p is specified.
2.2.3 Performance prediction procedure
Up to the coupling point, the performance characteristics of the 
designed torque converter can be calculated using the above 
formulations. When the torque ratio becomes less than unity the
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rotational speed of the stator w is calculated from equation
2.2.15 by setting = O 
2
then = — -- + —y" I —^ tan ^ tan 2.2.45Ts "«2/’'3 ""l \
This expression for w can be substituted into the energy balanceÇX
equation 2.2.33 so that the circulating velocity can be calculated, 
allowing the performance characteristics beyond the coupling point 
to be determined.
2.2.4 Application of the design procedure
Before applying the design procedure, the prediction procedure 
was assessed in a similar manner to that for the fluid coupling 
by applying it to various commercial torque converters. Fig. 2.2.3 
and 2.2.4 show the performance predictions for the Jandasek torque 
converter obtained by varying the circulation loss constant <AK.
The Self Changing Gears 13" torque converter and the Fichtel and 
Sachs torque converter gave exactly the same trends as the Jandasek 
torque converter, that was, as AK was increased the torque 
capacities and torque ratios decreased, see figs. 2.2.5 to 2.2.8.
In the forced vortex theory in section 1.2, a bend constant of 0.2 
gave good predictions for all three converters; however, in the 
simple mean streamline theory reasonable predictions were obtained 
for values of AK varying from 2.5 to 5. Although the torque ratios 
and efficiencies were fairly accurately predicted the torque 
capacity predictions were not so good. In the Jandasek torque 
converter the percentage error in torque capacity at stall was 12% 
while in the Self Changing Gears and the Fichtel and Sachs torque 
converters it was 14% and 8% respectively.
The blade angle design procedure was applied to the Jandasek 
torque converter as he gives a thorough experimental investigation 
into torque converter design. Initially an iteration procedure 
based on equations 2.2.34 to 2.2.42 was used, however, it was found 
that on some occasions the procedure would not converge to a 
solution. It was then that equations 2.2.43 and 2.2.44, which are 
the key to the design procedure, were developed and studied
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separately. These simultaneous equations are presented 
graphically in figs. 2.2.9, 2.2.10 and 2.2.11. The velocity 
Cr2st specified and the velocity CR^^ was calculated using 
both equations, the required solution being the intersection of 
the two curves. In cases where the curves do not intersect it 
was not possible to obtain a solution for the particular 
conditions specified. These figures show how the specified 
conditions were modified in order to obtain a solution; the 
circulation loss constant AK was reduced, the design speed ratio 
WR^ was reduced, or the outer radius of the converter Rq was 
increased. Whilst these were mathematical modifications which 
were applied to obtain a solution to the simultaneous equations, it 
may not always be satisfactory or even possible to make these 
modifications for a practical example. The physical reason for the 
non-existence of a solution was that it was not possible for the 
fluid to circulate through the torus at a rate sufficient to meet 
the specified stall torque capacity. Modifying any of these 
parameters AK, and Rq led to an increase in the rate of ✓fluid
circulation. However, in practice the designer would not be able 
to modify AK and would wish to specify to provide a satisfactory 
coupling point as well as high efficiencies (it is shown later that 
low values of give low efficiencies). This leaves little option 
but to increase the size of the torque converter if the specified 
value of torque capacity was to be achieved.
In order to assess the design procedure thoroughly, the impeller 
inlet angle was assumed to be -15°, as given by Jandasek, and all 
other angles calculated for a number of assumed loss coefficients AK 
and design speed ratios the results are given in table 2.2.1.
The calculated angles of design D3 used the design speed ratio 
the same as the Jandasek speed ratio at which minimum incidence loss 
occurs. It can be seen from the table that the calculated impeller 
exit angle was forced nearer to the value of 15° by decreasing the 
speed ratio, design D4, or by cf&creasing the circulation loss 
coefficient, design D7. When this was done some of the other angles 
were then brought into closer agreement with those specified by 
Jandasek. In fact design D4 gave all angles within approximately 
six degrees of the actual angles, as seen in table 2.2.1.
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The results shown in table 2.2.2 are for a series of specified 
impeller inlet angles while keeping the circulation loss
coefficient AK and the design speed ratio constant. As the 
circulating velocities, given by equations 2.2.43 and 2.2.44, do 
not alter for the specified input conditions, the torque converter 
performance prediction remains the same for any combination of angles 
given in the table. These angles are presented graphically in 
fig. 2.2.12, the manufacture could therefore choose the best 
combination of angles to reduce manufacturing difficulties and costs.
The mean streamline theory gave exactly the same performance 
characteristics for any combination of angles from table 2.2.2.
However, it is obvious that the actual performance characteristics of 
torque converters of such widely varying blade angles cannot possibly 
be the same. In order to investigate this further it was decided to 
use Sivalingam's forced vortex theory which takes fuller account of 
passage geometry. Fig. 2.2.13 and 2.2.14 show the comparison 
between performance obtained, using the forced vortex theory, for 
designs D12, D14 and D17. The forced vortex theory gave varying 
performance characteristics for the same specified input stall torque. 
This was to be expected as the theory takes into account the curvature 
of the blades when evaluating the losses. Where the blade angles 
were high, the losses were high and hence the torque ratios and 
capacities were low, as for design D12. However in general, if the 
blade angles were of a reasonable magnitude i.e. less than 70° the 
predicted stall torque ratio was slightly under the value specified 
for the design while the torque capacities were slightly higher.
One important factor was shown with the design procedure, that is
for the specified input data a design can be arrived at to give
theoretically better performance characteristics than those given
theoretically using the angles given by Jandasek. Fig. 2.2.15 and
2.2.16 give the performance characteristics of the torque converters
designed for different and with an assumed constant flow areaRD
around the torus, whilst table 2.2.1 gives a comparison of the 
calculated blade angles. The performance characteristics for 
design D9 shows clearly that a gain in torque capacity was obtained 
without reduction in stall torque ratio; however, the slight dis-
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advantage was that the efficiency was slightly lower at high speed 
ratios. Although the single mean streamline predicted zero 
incidence at the design speed ratio, the forced vortex theory 
predicted some incidence loss; this incidence being very close 
to the actual minimum incidence loss, see fig. 2.2.17.
2.2.5 Alternative torque converter design procedures
For the design procedure described it is necessary to specify the 
input and output stall torques, the speed ratio at zero incidence 
and one blade angle (the pump inlet being selected). Clearly the 
basic design equations could be solved by specifying alternative 
parameters.
From a designer's point of view it may be better to specify an input 
torque at which no incidence loss occurs rather than the speed ratio. 
The input torque would coincide with normal operating conditions 
of the engine, see fig. 2.2.18. The equations presented e^lier 
have now got to be solved remembering that tie known value is the 
input torque at zero incidence t ' .
A third procedure investigated arose from the requirement of a 
manufacturer to use an existing stator design. As the stator is a 
cast component whilst the pump and turbine elements are fabricated, 
it is convenient to obtain, if possible, alternative performance 
characteristics by modifying the pump and the turbine blade angles. 
The design procedure was therefore modified to accept stator inlet 
.and outlet angles as known parameters in place of the speed ratio 
at zero incidence m ^ and the pump inlet angle 3, This made itRD X- xr IP
necessary to reformulate the" equations for solution and a second 
computer program was written. This alternative procedure calculates 
the speed ratio at which zero incidence occurs, if one exists, and 
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2.3 The design procedure for multi element torque converters
It was undesirable to develop the design procedure described in 
sections 2.1 and 2.2 for every possible multi element torque 
converter arrangement. Instead it was decided to develop a 
computer procedure which could readily accommodate any 
combination of turbines and stators. In the previous analysis 
the basic equations were formulated for solution so that the 
circulating velocities and hence the mass flow rates could be 
computed. For a single procedure to accommodate any multi element 
arrangement it was not possible to formulate the problem so that 
a direct solution could be obtained. Instead an iterative approach 
was used where the relevant mass flow rates were initially assumed 
and then systematically corrected by checking the power balance.
With the mass flow rates known the basic equations were solved 
directly. As these basic equations apply to all types of turbo­
machines it was only necessary to formulate them for one element 
and then use them repeatedly depending upon the number of elements 
specified in the design. '
The following analysis requies the specification of stall torques 
of the individual elements, the speed ratio at which zero incidence 
occurs, and the angle from the vertical to the element line 
considered, see fig. 2.3.1, This diagram shows a typical arrangement 
considered by the theoretical analysis. The objective was to calculate 
the blade angles at the inlet and outlet of each element. The 
elements of the converter are subscripted by I and the stations in the 
element by J. For the numbering system adopted element 1 is always 
considered to be the pump. For each element the magnitude of Rg, radius 
to the shell, R^, radius to the core, and the angle from the vertical 
to the element line are specified at stations 1 (pre-incidence),
2 (post incidence) and 3 (exit) , noting that stations 1 and 2 will have 
the same values. If the position of the core is unknown then only the 
value i/; needs to be specified. A subroutine which has to be altered 
for different arrangements is used to calculate, for each element, the 
torque at stall and the speed at zero incidence from the specified 
data, see ref. 12.
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2.3.1 Basic Theory 
Power loss for a component
The torque developed in any element is
Ti = m  (C0j^3 - C8i 1 2.3.1
In order to allow for bladeless spaces between elements, the 
angular momentum at inlet to an element I is calculated from the 
discharge of the previous element, K, through the free vortex 
relationship
C8i,i *Di,i = C , K  3 R o x ,3 2.3.2
where K = I-l and when 1 = 1  K = Ng, the number of elements
Then = m (C8; 3 RD;,3 - ce*. 3 R^^ 3) 2.3.3
From the velocity triangles shown in fig. 2.3.2
C8i,3 = "l,3 + '=“1,3 ^1,3 2-3-4
C*K,3 = “k,3 + <=“K ,3 ^K,3 2-3.5
and from continuity
^K,3 ^ ^1,2 ^I,‘2 ^1,3 *^,3 2.3.6
Substituting equations 2.3.4, 2.3.5 and 2.3.6 into equation 2.3.3 
and noting that
"l,3 = "l *Di,3 and 0^  3 =  Roc,] 2.3.7
it can be shown that the power for the element is given by :
A
Tl"l = * '*'di,3 “r % K , 3  + Cmi,3 % I , 3  *1,3 ‘ '"°K,3 ^K,3>>“ lK, 3
2.3.8
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Power dissipated in a component
The power dissipated in any element is calculated using similar 
empirical relationships to those used in the previous sections.
The incidence loss is considered to be given by
^LINj " ~2 2.3.9
where, from the velocity triangles, fig. 2.3.2
"Sl,2 = Cm; 2 tan 2.3.10
”6l,l = C9l,l - "l,l = C8x,3 5 5 7 7  - “I *Ol,l 2-3-11I / J-
Substituting equations 2.3.10 and 2.3.11 into equation 2.3.9 it 
can be shown that the incidence loss for the element is given by
2
m / 2 2 3 \Plin, = Y  (^1,2 ' 1 , 2 - 5 5 7 7 5 7 7 ^ -  ^ 3> - 557̂ 7 V  «Dl,l “l)
2.3.12
The circulation loss is considered to be given by
PC; = | a k ( ‘̂ 3 ^2 ^  2.3.13
when 6j is the angle subtended by an element at the centre (fig.2.3.1)
This is the circulation loss for the bladed component only, if there are 
gaps between the elements they must also be included. An element is 
therefore considered to be a bladed component plus any gap upstream of 
it, and the element circulation loss is given by




2.3.2 Procedure for evaluating the blade angles
The iterative analysis proceeds by checking the power balance at the 
stall and zero incidence condition.
Stall Conditions
For the stall conditions equation 2.3.8 gives the power input as
2 _ 2CJEST TIst - “ST WlgT - WKST * ^I,3sT ^
2.3.15
and equations 2.3.12 and 2.3.14 give the power dissipated as
^ST 3 ^“ 9 X (1/2) - ^  + RDj T 2.3.16T ‘% ,2st  ̂ ■ r5 7 7 “Kst + *D l,l “ 1st’
^  7\V Û“sT ^  / 2 2 Yl\
plus PCisT 8 " \^^I/2gT ^“I/3st^ 27+^^I,2st 2tt J
2.3.17
^Dr,3 2where X(I,2) - tan g -  ----  — ^ tan g 2.3.181,2 RDi,i K/3
and X(I,3) = Rdi,3 tan - Rd^^3 ^ t a n  2.3.19
^K,3
Zero incidence condition
Similarly at the zero incidence condition the input power is given by
%  "iD = * D  < , 3  “ Id - % l 3  “k ,3 + ^ 2-3-2°
and the power dissipated by ,
2 '
PliNiu = * (3"2) + RDi,i - 5^ “Kd = ° 2.3.21
plus
m AK
= — g—  f(Cm_ _ + Cm_ _ )~------ (C--- + C„.. . )" 2.3.22f‘°“l,2D ^I,3g’ 2n “2mi,2D ^ ^K,3d’ 2h^ 2-3-
Blade angle calculation
The unknown inlet and outlet blade angles can now be replaced by the 
parameters X(I,2) and X(I,3) which are given from equation 2.3.21
35
2
X(I,2) = I -  WKn - RD, n Wi t 1___ 2.3.23
2d
and from equation 2.3.15
/'^IST *0l,3 w \ 1X(I,3)=|-r----+ "  - ' T__l =-------  2.3.24
3ST
Substituting X(I,2) and the mass flow rates given by
*ST = P &I,2 °“ i ,2st 2.3.25
and = P \ , 2  °“ i,2d 2.3.26
into equations 2.3.16 and 2.3.17 gives the power dissipated at stall 
as
2 ^ o \2
WiST
2.3.27
LINst 2 I Rdi,i Dl,l
plus
Similarly substituting X(I,3) and the mass flow rates into equation 
2.3.20 gives the power input .at zero incidence as
ojId To ~ “d “id ~ m%^ ^"^ST ^(
' 2 2 /?!
*0i,3 ID - X , 3  %  +
2 \\ 2.3.29
-RDi 3̂ (ÜJST
and from equation 2.3.22 the power dissipated as
,3 " 2 y
Pr__ = -•'■ n i + r̂ =— I i=- + l T ^  + — I Y? I 2.3.30
The actual power loss at stall is given by summing through each 
element, i.e.
I=NE
PLm =  ̂ TIct wigT 2.3.31^ST 1=1
The stall torques and speeds being specified conditions.
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The power dissipated at stall is obtained by summing equations
2.3.27 and 2.3.28 for each element, i.e.
I=NE
E
1=1Pdisst - Plinist + ^Cist 2.3.32
Similarly the actual power loss at zero incidence is given by summing 
equation 2.3.29 for each element, i.e.
I=NE
PlTj3 =  ̂ 2.3.33
1=1
and the power dissipated at zero incidence by summing the circulation 
losses, equation 2.3.30 for each element, i.e.
I=NE
Z
1=1^DISd “  ̂ Pc%D 2.3.34
The calculation procedure assumes a value for m „ and maintains itST
fixed while m is varied until the power dissipated at stall,
✓equation 2.3.32, is equal to the power input at stall, equation 
2.3.31. The mass flow rates are then used to check the power 
balance of equations 2.3.33 and 2.3.34 and if it is not within a 
required tolerance the procedure re-estimates m^^ and repeats 
until the power balance is satisfied at both stall and zero 
incidence. With the mass flow rates known the blade angles of 
each element can readily be'determined using equations 2.3.18, 
2.3.19, 2.3.23 and 2.3.24, i.e.




Aj 3 PA 3 /Tl
*°I,3 *1,3 - *K,3 = (
^^ST 2 2 \
^DK,3“KST-%I,3“IST)
2.3.36
These two equations represent three unknown angles, the inlet and outlet
of the element I and the outlet angle of the preceding element K, so
if initially the inlet angle of the pump 3, _ is found, see section 2.3.3,1/2
or specified all other angles in the torque converter can be calculated.
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2.3.3 Designing the pump Inlet blade angle to give minimum 
relative velocity
In the previous design procedures it was necessary to specify the 
pump inlet angle in order to calculate all other angles. In 
this analysis a design procedure for the pump inlet blade angle 
is developed from a procedure for centrifugal compressor design by 
Stanitz (10) which is aimed at maximizing the flow rate per unit 
area. In centrifugal compressor design the inlet angle at the 
inducer tip is always approximately -60°. The procedure designs 
the blade angle to ensure maximum flow rate for any specified 
limiting Mach number. The effects of high relative velocity at 
inlet are apparent as Mach number effects in compressors and 
cavitation effects in pumps. In torque converters undesirable 
cavitation can usually be eliminated by increasing the fluid 
charge pressure; however, as the friction and circulation losses 
are also a function of the velocity relative to the impeller it is 
important to ensure that the relative velocity is the minimum 
necessary for any required flow rate.
In compressor and pump design it is usual to assume zero prewhirl 
at inlet to the impeller; this is not the case for a torque 
converter where the flow from the stationary guide vanes will have 
a high degree of swirl.
Assuming a uniform meridional component of velocity Cm at inlet 
to the pump the mass flow rate is
m = A p Cm, , 2.3.37± f L J- / X
From the velocity triangles fig. 2.3.2
°”1,1 = ”l,l 2-3-38
m = A p W cos3 2.3.39X/X X/X X/-L
In order to obtain a relationship between pre-whirl angle and 
pump inlet angle the rotational speed of the element must be 
introduced into the above equation, i.e.
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* "l!l ' " *1,1 "1,1 c°=8i,i 2.3.40
"1,1 = “1 *Di,i 2.3.41
* “1 *of,l = " *1,1 *1,1 c°sBl,l "f,l 2.3.42
Also from the velocity triangles
"1,1 = °®i,i - «81,1 2.3.43
"1,1 “ °mi,l ' "1,1 sing^ ^ 2.3.44
u1,1 = *1,1 '"^"“1,1 °°=®1,1 - sinGl.l’ 2.3.45
substituting into equation 2.3.42 gives
io,2 Rd 2^j_= p =°=8i,r®i"8i,i>^
2.3.46
In order to solve equation 2.3.46 for the flow angle 3 _ it isI f I
necessary to derive an expression for the prewhirl angle a .I f I
From the velocity triangles
° V ,3 “ °"NE,3 ’̂®'̂ “nE,3 = °NE,3 + °“NE,3 8„E,3 2-3-47
where subscript NE refers to the last element, i.e. prior to the 
pump.
From the free vortex relationship it can be shown that ;
tan a = tan a ^^1,1 2.3.48
' ^°NE,3
Substituting equations 2.3.38 and 2.3.48 into equation 2.3.47 and 
noting continuity




“l,l = °NE,3 + *1,1 \.l 9NE3NE fj _ _ ___________ 2.3.50
substituting for tan a _ into equation 2.3.46 yields1 /1
+ *1,1 *1,1 *NE,3 - 8l,l
2.3.51
To obtain the flow angle 3., , to yield minimum relative velocity for1 / -*-
a given mass flow rate and input conditions equation 2.3.51 has to be
dWdifferentiated with respect to 3, i where 1,1 _ ^1,1 - d T -  - ° I'G.
± , i.
2”l,l °Ne,3 ANg,3 *PNE,3
*1,1 *°1,1
df— , 8i,i’ *1,1 *“e,3 - *i,i’ + *f,i 5 r “ <“ "*i,i’l,i -L /1 -L/J-
COS 3, , tan 3nt;.  ̂“ sin 3, , I 2.3.52 ̂ ±,J. ü,J i/if
It is not possible to solve this equation as  ̂and  ̂are unknown 
therefore a limitation in the analysis is made namely that the preceding 
element must be stationary at zero incidence i.e. Um =0. This£., j
limits the analysis to the case where the pump follows a stator.
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^Di 1Then tan 3m _ = tan a = tan a  ----  , Substituting into”E,3 NE,3 1,1 Rd n e ,3
2.3.51 gives
WF = / _____________1__________________________% 2.3.53
cos 3, , (cos 3 tan a - sin 3  ̂ .)^X/X XfX XfX X/X
where
MT = W I — , I 2.3.54
' A  *Di,i
Graphical representation of equation 2.3.53 is shown in fig. 2.3.3.
from which it can be observed that there is a minimum value for each
curve. The effect of increasing positive pre-whirl angle a is1/1
to decrease the minimum value of the curve and move it to lower flow 
angles 3 i.e. for a given 3, -, and mass flow rate the relativeX/X X/X
velocity decreases with increased pre-whirl.
Also as UNg 3 = 0  and tan 3^^ 3 = tan  ̂ i/^Dne 3 equation 2.3.52 
gives




2 2 2 3 tan a sin 3 (1-sin 3 ) + 2  tan a.  ̂ cos3 (l-3sin 3 )X / X X / X X/-L X/X X/X X/X
+ sin3 (3 sin^ 3, , - 2) = 0  2.3.56X/X X/X
This equation must be solved for 3, -, for any pre-whirl angle a. , . ThisX/X X/X
is most easily carried out by specifying ̂   ̂and evaluating  ̂as
equation 2.3.56 reduces to a quadratic in tan a . The result is shown1/1
graphically in fig. 2.3.4. This procedure therefore yields a series of 
possible pump inlet and stator discharge angles to give minimum relative 
velocity at pump inlet.
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Equation 2.3.56 provides the extra equation needed to solve all 
the blade angles. To complete the design it is therefore necessary 
to solve equation 2.3.56 simultaneously with the equation for zero 
incidence at pump inlet.
From equation 2.3.21 and 2.3.18
2
O = *1,2- *%,3’ + 8°1,1 “Id- ^
“d 1Replacing C^^^^D pKT ( by tan ^1 / X E / j
tan 3 by tan 3, , and rearranging X/2 X/X
“ %
2.3.57
tan “1,1 = *1,1 - - f  “iD^j
2.3.5 8
The solution of the above equation depends on the calculated mass flow
rate m^ through the empirical losses and the geometry of the torque
converter. By combining this equation with 2.3.56 a solution is
obtained for the two unknowns a and 3,X/X X/X
For a torque converter with leading and trailing edges together, i.e.
zero gaps, and 0)ĵ  ̂ = O equation 2.3.58 becomes
tan a = tan 3, -, + ----;-----  —  2.3.591,1 1,1 m^
As an example, the three elemènt Fichtel and Sachs torque converter 
assuming AK = 4.5 and = 0,8 yields a mass flow rate of 135.6 Kg/s 
at zero incidence. (It should be recalled that the mass flow rates 
can be calculated without the knowledge of the blade angles) .
Equation 2.3.59 for this case becomes
tan a = tan 3, , + 3.8696 2.3.60X/X X/X
This equation plotted on fig. 2.3.4 gives a point of intersection
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with equation 2.3.56 from which the pump inlet and stator outlet 
blade angles can be obtained.
2.3.4 Application of the multi element design procedure
Fig. 2.3.5 shows a flow chart for the computer program. The 
procedure was initially tested and developed by applying it to 
three element torque converters and comparing the results with those 
given by the design procedure developed in section 2.2. For this 
initial testing, the circulation losses had to be formulated as in 
section 2.2. The multi element procedure was developed until it 
yielded a nearly identical design to that using the earlier three 
element design procedure; any slight differences being caused by 
the double iteration in the multi-element design procedure. The 
results for both design procedures are compared in table 2.3.1 for 
the specified speed ratio at zero incidence of 0.7, a circulation 
loss coefficient of 4.5 and an inlet pump angle of -15°.
It was shown in section 2.2. that the three element design D4 
produced angles which were very close to the actual Jandasek 
experimental values. Since the element preceding the pump (the 
stator) is stationary at zero incidence the theory to give minimum 
relative velocity at pump inlet was used. The curve obtained from 
equation 2.3.56 shows that if the pump inlet angle was -15° then the 
stator angle would be 67° and if the pump inlet angle was -10° then 
the stator angle would be 74° and so on. ' The actual Jandasek angles 
were -15° and 68° which were remarkably close to those that would be 
predicted as above. The combination of angles produced by the theory 
was always dependent upon the input conditions but most torque 
converters have the pump inlet angle between -10° and -15° while the 
stator angle is between 60° and 70°. It is not known whether 
manufacturers arrived at these figures through years of experience and 
experimentation or by analysis. The blade angles calculated by the 
full design procedure i.e. with 3^p specified as -15°; the angles are 
compared in table 2.3.2 for assumed values of and AK of 0.65 
cuid 4.5 respectively.
Having verified the multi element design procedure with known three
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element torque converters, the procedure was then applied to a 
five element design, (see fig. 3.12), using the operating data given 
by Walker (8). Initially difficulties were encountered as it was 
not possible to obtain a converged solution. This was due to the 
built in assumption that, at the speed ratio of zero incidence, 
the stators would be stationary. This was not the case with Walker's 
design and it was necessary to permit one stator to rotate. The 
rotational speed was computed assuming a zero reaction torque, so 
from equation 2.3.29 with = O
(
2 /l^ST 2 2
RDk ,3 0 %  - + 8Dk ,3“*'St - *Dl,3“lST
2.3.61
The procedure then converged satisfactorily and the blade angles obtained 
with an assumed speed ratio of 0.6 are compared with Walker/s angles in 
table 2.3.3.
The angles bear little resemblance to the actual angles; however, 
upon using them in the multi element prediction procedure (described 
in Chapter 3) it can be seen from figs. 2.3.6 and 2.3.7 that better 
performance was predicted for the designed torque converter than for 
the design specified by Walker.
Tables 2.3.1 & 2.3.2
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2.4 Detailed blade geometry specification
The main requirement for the manufacture of a torque converter is 
a complete blade geometry specification rather than just the inlet 
and outlet angles of each element. A detailed study of Jandasek's 
method (5) was made; however, his terminology was difficult to 
follow and his approach seemed to be in error. Jandasek split the 
element into ten parts and at each arbitrary element line 
measured the radius to shell and core and the angle to the element 
line from the layout, see fig. 2.4.1. He then calculated the 
radius to the core and the mean streamline using the formulae;
%  =  <
and
The resulting core contour and design path was a locus of the 
intersection points of the calculated radii with the corresponding 
element lines. Following an iterative procedure, new element 
lines were selected more closely perpendicular to the design path 
and the calculations repeated to produce a smooth core. The change 
of moment of momentum at the assumed speed ratio was then found in 
each element. The total change was divided into nine equal parts 
of 10.5% and one part of 5% to give the moment of momentum at each 
element line. The use of the 5% Increment at the outlet was to 
reduce the energization of the fluid and consequent eddy losses.
Once the moment of momentum was known at each element line the blade 
angle at each point in the design path was found.
The radial fibre relationship":
tan 3
gave the blade angle at the shell.
Similarly at the core
tan 3̂
tan 3_ = — ----  2.4.4C S
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The axial distance was measured from the layout in fig. 2.4.1 
while the third coordinate required i.e. the blade offset, was 
given by ;
L J
X = Rn sin y + Z —  2.4.5
^ o %
where = e cot 3
J = The distance along the arc from one point to the next 
y = The angle defined by J and the pertinent radius from the
converter axis 
e = The distance between adjacent element lines 
L = Element lines 0,1,2 ..... 10
Jandasek therefore gave a combination of radius and offset 
dimensions on the shell and the core to accurately and easily 
define the blade profile. Jandasek's method of calculating the 
blade offsets by equation 2.4.5 must be in error because the units 
are not consistent on both sides of the equations. The difficulty 
encountered in interpreting his terminology and the typographical 
error in the final equation made it extremely difficult to 
reproduce the results in his paper. It was, therefore, decided 
to devise an alternative procedure to derive the offset 
specification.
First of all, initial torque converter geometry such as R^, R^ and 
R^ for given R^, R^ and ip was found analytically assuming circular 
torus sections. Not all the arbitrary element lines radiating from 
the centre of the mean streamline R^ were perpendicular to the 
design path, see fig. 2.4.1, however due to the approximation of the 
whole design procedure it was considered unnecessary to obtain 
perfect perpendicularity. Jandasek assumed an initial speed ratio 
for the design of the blade contours, found the speed ratio at which 
minimum shock losses occurred and subsequently altered his blade 
contours. In the design procedure developed here, zero shock 
losses occurred at the specified speed ratio and therefore no 
further development was necessary. The rest of the design procedure 
followed the Jandasek approach i.e. the change in moment of momentum
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for each element at zero incidence condition was found and split 
into ten parts and the blade angle at the design path for each 
element line was found. Using the radial fibre relationship and 
simple trigonometry, the blade offset at each element line was then 
found. Assuming the offset at the first element line was zero, 
then referring to fig. 2.4.2, see also Atkey (11), the offset at 
the second element line was BH.
From the right angle triangle ADH 
2 2AH = DH + AD 2.4.6
where DH = Difference in radii from one element line to the next 
AD = The axial distance from one element line to the next
From the right angle triangle BHA, the offset
BH = AH tan 3 2.4.7
The blade offset at any element line was then
L-1
Xl = AH^ tan 3^ + z AH^ tan 3ĵ 2.4.8
The results obtained from this theory compared very favourably with
Jandasek's results, fig. 2.4.3. Jandasek reduced the length of 
the stator blade by reducing the moment of momentum at each element 
line; when this was done in the design procedure a very good match 
was obtained for the stator. Therefore, overall, the theory 
developed was comparable with the Jandasek theory.
As no attempt has been made to design the detailed internal passage 
shape it is not possible to judge whether the resultant blade 
design is optimum or not. The procedure does, however, yield a 
simple method for specifying the full blade geometry for manufacturing 
purposes.
FIG 24.1



















































































CHAPTER 3 - PERFORMANCE PREDICTION OF MULTI ELEMENT TORQUE CONVERTERS
The mean streamline theory for the performance prediction of three 
element torque converters described in section 2.2. has been extended 
to cover multi element torque converters. As for the design 
procedure it was considered desirable to develop a general prediction 
procedure for all multi element designs encountered. Also the 
detailed forced vortex theory developed by Sivalingam would be 
excessively long and complex for multi element torque converters.
The aim was therefore to develop a simple theoretical procedure 
which could readily be modified to accommodate the peculiarities of 
any multi element design.
The main difficulty with the prediction procedures described to 
date was the formulation of the power balance from which the rate 
at which the fluid circulates through the torus was calculated.
This difficulty was overcome by initially estimating the circulating 
velocity; performing the calculations and then checking for a power 
balance. The difficult analytical formulation has therefore been 
replaced by an iterative computation procedure.
A typical torque converter layout is shown in fig. 3.1. A 
single element is considered to be made up from two components, one 
with blades and the other without blades. Any number of elements 
can be built into the unit, for simplicity three are shown. For 
the numbering system adopted station 1 is always fixed at the pump 
outlet, and the procedure is restricted to designs which only have 
one pump (it was considered that more than one pump component would 
be extremely unusual).
The complete geometry of the torque converter is obtained by 
specifying the overall dimensions, and then the dimensions of each 
component contained in the multi element design. The full data 
specification is given with the computer program documentation (12).
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3.1 Basic theory
Calculation of the radius to the design path
The flow area at any station is calculated from the formula for 
the surface of revolution of the frustrumof a right circular cone, 
see section 2.2. equation 2.2. 2; similarly the radius to the mean 
streamline, Rq, is given by equation 2.2.1.
The area just inside the blades at inlet or outlet is given by 
-  =
where
when cos iD = O H = a x - a x  3.3 ̂ s c
Power loss for a component ^
The inlet station to each component is subscripted by I and the 
outlet by J, and the component itself by NC. The basic problem 
reduces to calculating the discharge conditions, from known inlet 
conditions, and then the torque developed and the power dissipated 
in that component. The exit conditions of one component then 
become the inlet conditions'-for the next.
The initial conditions at station 1, which is always the pump 
discharge, are estimated. Using the experience gained from 
section 2.2 the non-dimensional velocity Cm^/U^ is usually 
estimated as 0.4, and consequently the velocity is readily 
found as the pump speed is specified.
The following simple relationships are then used to establish the 
initial conditions ;
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tan 3ĵ = tan 3.4
m = PABĵ 3.5
^«1 = ^2, + tan 3^ 3.6
(=1 =
2 2 h
(Cmi + ce') 3.7
W0^ = C01 - 3.8
Wi = (Cmf + W0f)*" 3.9
To calculate the discharge conditions for any component the 
following equations are applied :
C6j = Uj + Cmj tan 6^ 3.10
Cj = (0.2 + 3.11
a = tan ^ *"9j 3.12
' "0J = - "j 3.13
Wj = (C.J + Wgj)^  ̂ 3.14
“nc V  = RDj - Cgj RDi )“nc 3.15
These relationships are programmed in a separate subroutine VELTRI
Before these relationships can be applied the duct discharge 
parameters 3j and Uj must be pre-determined.
The velocity C^j is obtained from continuity i.e.
= p - ^  2.16
If the component concerned is not bladed then the discharge flow 
angle is calculated by assuming a free vortex through the duct i.e.
C0J RDj = C0  ̂Rdj 3.17
CQj C0J ^Djand tan 3 = -—  =  ---%—  3.18
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The duct peripheral velocity Uj is zero for a non-bladed component 
and the torque t , given by equation 3.15, will be zero for the 
unbladed components because of the free vortex relationship.
If the component is bladed the blade velocity,U^, is obtained 
from the known rotational speed and the discharge flow angle is 
considered to be equal to the specified blade angle 3bj*
Computation of the power dissipated in a component
Once the inlet and discharge conditions of any component are fully 
determined, the power dissipated by the fluid flow within that 
component can be calculated.
The power losses are calculated in a separate subroutine, DUCTLS 
for unbladed components, and BLLOSS for bladed components. These 
subroutines are small and uncomplicated and can easily be modified 
to include different loss correlations. As the basic equations 
Eire solved separately by an iterative procedure it is possible to 
accommodate a much more comprehensive and rigorous formulation of 
the loss mechanisms than was possible with the previous approach, 
which was based on a single adjustable overall loss coefficient Ak .
Power dissipated in unbladed'components
In the unbladed components losses are attributed to :
i) Sudden enlargement from the bladed to the unbladed station
ii) Friction loss 
iii) Secondary flow or bend, losses.
i) The sudden enlargement loss is assumed to be given by the classical 
relationship for sudden enlargement in pipes.
= 0.5 Cmj  3.19
s
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ii) The friction loss is computed using the standard Darcy 
relationship for pipe flows
-  It / "i +
2D V 2 ) ' °
The friction factor, f, is obtained from an analytical description 
of the Moody chart, derived by Wood ref Streeter and Wylie (13).
f = x + y R ^ ^  3.21
where / \ 0.225 /V




y = 88 I 3.23
0.134
and Z = 1.62 / 3.24
and R^ — ■̂7— | „--- 1 3.25
Wood considered this relationship to be satisfactory for pipe flows
with Reynolds number, Rg > lOOOO and the relative roughness
—5 £1 X  10 < —  <0.04.d
The fluid viscosity y is calculated from a viscosity/temperature 
relationship, reference Massey (14), for oil of density 880 Kg/cm^. 
For other working fluids this relationship must be changed in the 
computer program.
The hydraulic length is calculated from
L = mr 0 3.26
where mr is the radius of the mean streamline, see fig. 3.1.
The hydraulic diameter is given by the average of the inlet and 
outlet hydraulic diameters, i.e.
/4 4 a a
h 3.27
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where the perimeter PR^ = 2ïï (Rg^ + RCj) 3.28
and the perimeter PR^ = 2tt (Rg^ + Rcj) 3.29
iii) The secondary flow loss is assumed to be given by
2
PLBE^^ = 0.5 BK I ;---- | 3.30
Miller (15) gives a comprehensive guide to internal flow and 
energy losses in fluid systems. The empirical loss coefficient, BK, 
is therefore, calculated using data from his publication. The 
torque converter ducts represent cross sections which are 
rectangular, therefore BK is calculated as a function of radius 
ratio mr/w and the aspect ratio b/w, see fig. 3.2.
In the case of the bladeless ducts the aspect ratio is given by :
2tt RDj 2tt RDj
^  ~ ^ ^(RSj-RCj)/cos (Rgj-Rcj)/cos ^
This leads to very high aspect ratios for which data is not given 
by Miller. The largest aspect ratio considered by Miller is 2.0 
and his data showed that the loss coefficient decreased as the aspect 
ratio increased. In order to arrive at a rough order of magnitude 
for the loss coefficient, the highest aspect ratio given by Miller, 
i.e. 2.0, is simply halved. Further since Miller's data is for a
90° bend the loss coefficient is multiplied by a factor of 26 / i t in 
order to accommodate a bend through 0, rather than tt/ 2  degrees.
Power dissipated in the bladed components.
Losses in the bladed components are assumed to be composed of:
i) Incidence or shock losses
ii) Sudden contraction loss
iii) Friction losses
iv) Secondary flow losses
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i) The Incidence loss is given by :-
Pl iNjjc = 0-5 (W9j - W8ig)2 3.32
The velocity component just after incidence is unknown as this
is not one of the numbered stations, however it is readily 
calculated from :
wGip = Cmj tan 3bi 3.33
and hence the incidence loss is readily computed
ii) The contraction loss is given by a slightly modified version of 
equation 3.19. The minimum area is that considered to be of the 
vena contractor just inside the bladed passage and the flow expands 
to the full area. This is equivalent to an expansion loss and it 
is necessary to specify a contraction coefficient in order to 
calculate the area of the vena contractor.
The contraction loss is assumed to be given by : -
.2
PlcOijp = 0*5 (rnr  ̂1 3.34
or PLCO^c = 0.5 k 3.35
where the coefficient, k, is -calculated as a function of the diameter 
ratio dg/d^, see fig. 3.3 from' a polynomial equation fitted to data 
given by Massey (14).
The diameter ratio for the torque converter being given by :-
DR = —  3.36
iii) The friction loss is calculated in a similar manner to that 
given by equation 3.20. The hydraulic length given by equation 3.26
is increased by the factor
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eb& eb&
+ 2 - 2.37
to account for the curvature of the blades, see fig. 3.4
The hydraulic diameter is found using an equation similar to 3.27
i.e. /4AB 4AB \
3.38
where
PR / *si -I cos l)lj. JI =  2w (RS; + RC^) + 2Zi . 3.39
Similarly for PR^
iv) The secondary flow loss is given by equation 3.30 where the aspect 
ratio at I is given by
2tt RD
AS^ = — ---- - Thj 3.40
(Rg^ - RCj)/cos
Similarly at J. '.
If a reasonable number of blades is used then the aspect ratio falls 
within the range of data given by Miller, and the bend constant can 
be obtained directly. To allow for the curvature of blades the bend 
constant is multiplied by equation 3.37 and since the bend constant 
is for a 90° bend it is multiplied by a further factor of 20/ir.
Computation of the total power dissipation
By proceeding through each component of the torque converter the 
torque developed in each component is calculated through equation 3.15, 
The total power losses is then obtained by summing the product xo) for
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each component; the sign convention for the torque t taking care 
of the power input and output components i.e.
NC=NCT
* «P ? ■'nC “nc 3.41NC=1
This power loss should be equal to that calculated through the 
empirical loss models for the circulating fluid. This is 
obtained by summing the losses in each component i.e.
NC=NCT
Pdis = * + PlBEnc + PlFRnC + ^LCOuc 2-42NC=1
If equations 3.41 and 3.42 do not yield a power balance the 
estimated circulating velocity is modified accordingly so that a 
power balance is converged upon.
Calculation of the speed of rotation of a bladed component
In all the foregoing calculations it has been assumed that €he 
speed of rotation of the bladed components can be readily found.
This will always be so but the procedure used will depend upon the 
design of the multi element arrangement and the associated gearing. 
The pump input speed is specified and the turbine speeds calculated 
in a special subroutine. Each different design of the multi 
element torque converter must have its own special subroutine to 
calculate the rotational velocities. The stator is a special case 
as it only rotates beyond the coupling point. A marker is specified 
in the input data to indicate whether a component is a stator or not, 
if it is a stator and the calculated torque is negative when the 
speed or rotation is zero, then the coupling point is reached and 
the speed or rotation of the stator is calculated assuming there is 
no reaction torque. This leads to
C0J = RDj/RDj 3,43
and Uj = C6j - Cjqj tan 3gj 3.44
When the power loss is calculated, equation 3.41, either the torque
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or the rotational speed will be zero for the stator and hence too 
for the stator will always be zero.
Usually the turbine torque is negative in the sign convention
adopted, however, in multi element designs if the turbine is geared
then the torque can become positive at a particular speed ratio, at
this point the gearing is disconnected and the turbine allowed to 
rotate freely in much the same way as the stator. The speed of the 
freely rotating turbine is calculated in exactly the same way as the 
stator and hence the torque in the turbine will be zero.
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3.2 Deviation of flow at discharge from a bladed component
It was assumed in the previous analysis that the flow was perfectly 
guided by the blades. This, however, will not be strictly true as 
deviation occurs as the flow through the bladed sections leaves 
the blades. Unlike centrifugal compressors, where the tangential 
component of velocity of the fluid is less than the tangential 
velocity of the blade, the blade angles of the torque converter 
components may be such that the tengential component of velocity 
of the fluid may be greater than the tangential velocity of the 
blade. Generally the ratio of the tangential velocity of fluid to 
tangential velocity of the blade is called the slip factor of the 
component and is applicable to radial blades. In torque converters, 
depending on the position of the outlet station of a component, the 
blades may not always be radial, but in order to allow for deviation, 
a simple procedure is included in the program.
In general the slip factor is described as a function of the component 
geometry and in particular as a function of the number of blades of 
the component. Wiesner (16) reviews the various methods available 
for the calculation of slip factor. The performance prediction of the 
torque converter varies slightly depending on which empirical slip 
factor expression is used; however, as the variations are slight, 
the Stanitz expression for slip factor is used i.e.
a = 2 - 1^  ■■ 3.45
The above slip factor expression and other empirical slip factor 
expressions indicate that the slip factor is independent of mass flow 
rate. On the basis of tests conducted on a centrifugal impeller 
with straight radial blades Stabler (17) concluded that the slip 
factor is not, as previously assumed, only a function of the number 
of blades but is also dependent on the mass flow rate, the 
rotational speed and the outlet diameter. Stabler showed 
experimentally that the slip factor decreases with a flow coefficient 
Q/wD^. In a torque converter the flow rate is a maximum at stall 
and decreases as the speed ratio increases, therefore, without 
involving speeds and diameters of the component the slip factor is
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simply scaled down with speed ratio i.e.
a* = (1 - a) SR + a 3.46
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3.3 Application of the prediction procedure
Fig. 3.5 shows a general flow chart of the computer program. The 
usual complex algebraic formulation has been replaced by a more 
complex program structure and an iterative calculation; however, 
the program can now be easily adapted to any multi element design.
A subroutine to calculate the rotational speed of the turbine 
components and a subroutine to store the answers are the only new 
requirements for each new design. In addition this program has 
the added facilities of being able to include unbladed passage 
sections (previous procedures always assumed that the trailing edge 
of one blade was close to the leading edge of the next) , more 
detailed loss models, and the ability to be able to quickly modify 
and update those models.
The procedure was initially applied to three element torque 
converters and results identical to those achieved using the 
procedure in section 2.2 were obtained by using the same simple 
loss specifications. With the losses as described in this section 
the procedure was applied to the Jandasek, Fichtel and Sachs and the 
S.C.G. 13" torcjue converters. Figs. 3.6 to 3.11 show the 
predicted results. Although the use of the circulation loss 
parameter was eliminated, the predicted performances were still not 
given as accurately as those by the forced vortex theory of section 
1.2. However, the new loss formulations were an improvement on the 
simple loss formulation with the percentage error at stall being 16% 
for the Jandasek torque converter, 3% for the Fichtel and Sachs 
torque converter and 3^% for the SCG 13" torque converter.
Having satisfactorily demonstrated that the program predicted the 
performance of three element torque converters reasonably well the 
program was applied to a torque converter with more than three 
elements. The only multi element torque converter data and 
performance curves available were in a paper by Walker (8). The 
Walker torque converter had five elements, two stators and two 
turbines, see fig. 3.12. A simple planetary gear set linked the 
first turbine to the output, whilst the second turbine drove the 
output directly. The first turbine was mechanically connected to
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the ring gear of the planetary set. With the planet carrier
acting as the output member, and the sun gear as the reaction, the
first turbine torque was multiplied by the planetary gear ratio (1.595) 
to the output shaft. The total output torque of the converter at all 
speed ratios was then given by
T = Trj.̂ gr + TT^ 3.48
^ Wwhere gr = -—  3.49
SW
Also the speed of the first turbine was higher than the second 
turbine by a factor of the gear ratio, see Appendix 2.
The second stator in the arrangement, known as the 52° stator or 
high capacity stator, was interchangeable with a 19° stator, a low 
capacity stator, thereby providing two configurations. Figs. 3.13 
to 3.16 compare the predicted and experimental results. Considering 
the uncertainties existing in the basic geometric data, due/to the 
difficulty of obtaining precise dimensions from the paper, the 
predicted results were considered to be satisfactory and 
encouraging. The main uncertainties were : -
i) The number of blades, which were estimated
ii) The thickness of the blades, which were estimated
iii) The inner core radius,-which was scaled from a small 
schematic drawing in, the paper
iv) The core angles of the individual elements which were
measured from a small schematic drawing in the paper.
Coupled with these uncertainties was the fact that the theory 
presented applied to torque converters of circular cross sections; 
therefore, the hydraulic lengths were not strictly correct when 
applied to the Walker design.
The multi element program needs to be tested more thoroughly 
with a number of different design arrangements but unfortunately 
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CHAPTER 4 - A THEORETICAL STUDY OF THE EFFECT OF GEOMETRIC
PARAMETERS AND FLUID PROPERTIES ON THE PERFORMANCE 
OF HYDRGKINETIC UNITS
4.1 The effect of geometric parameters
The modification of torque converter characteristics by altering 
the geometry of the torque converter is of great importance to 
manufacturers, particularly for matching converter characteristics 
to engine characteristics, for efficiency improvement and for cost 
reduction. The modification of torque converter characteristics can 
be divided into two distinct groups
a) Variation of characteristics during operation which can be 
achieved by :-
i) Swivelling the blades of a component within the torque 
converter
ii) By an adjustable baffle plate i.e. a baffle plate which 
has a large diameter to begin with and a smaller 
diameter during normal running
b) Variation of characteristics during the design stage in order 
to meet any specific requirements. This can be achieved
by a number of possible methods which are :-
i) Altering the discharge angle of a component within the 
torque converter .
ii) Introducing a baffle plate at any station of the converter
iii) Blade cropping
iv) Altering the blade number or thickness
v) Changing the order and/or number of components of the 
torque converter
This section analyses the effect of changing the geometric parameters 
mentioned above.
4.1.1 Variable geometry blading
The modification of torque converter characteristics by the use of
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swivelling blades or by changing the discharge angle of a 
component, has been studied using the forced vortex prediction 
theory for three element torque converters. The Jandasek torque 
converter has been used in this study which comprises of :-
i) Turning the stator blades to reduce discharge angle from 
68° to 8° while the inlet angle turns from 0° to -60°.
ii) Turning the pump blades to reduce discharge angle from
60° to -30° while the inlet angle turns from 30° to -60°.
iii) Altering the discharge angle of a component of a torque 
converter from +60° to -60°.
i) Effect of variable guide vanes
The ability to swivel the stator blades during operation of the 
torque converter is a practical possibility and offers the potential 
to substantially modify the performance characteristics from stall 
to the coupling point. Turning the stator blades had the following 
effects on the flow circulation through the converter :-
a) The change in angular momentum through the stator was 
modified and hence the reaction torque was changed.
b) The magnitude of the pre-whirl, i.e. the tangential component 
of velocity at the pump inlet was modified, and hence the input 
torque absorption was changed!
c) The incidence losses at the stator inlet and the pump inlet 
were modified.
d) The rate of fluid circulation through the torus was modified 
due to the change in energy dissipated caused by the modified 
incidence losses.
If the stator blades were turned so that the change in angular 
momentum was reduced then the reaction torque was reduced and 
consequently the coupling point was moved to lower speed ratios.
The torque ratios were reduced virtually up to the point that any 
further turning would cause the torque converter to perform more 
like a fluid coupling.
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The effect of tuning the stator blades through ten, thirty and 
sixty degrees respectively is shown in figs. 4.1.1.1 and 4.1.1.2.
The torque capacity was increased due to the reduction in pre-whirl 
at pump inlet and due to a substantial increase in fluid 
circulation through the converter. This increase in flow rate, which 
was due to a reduction in the incidence losses, was probably a more 
significant factor in causing the increased torque capacity than 
the pre-whirl at pump inlet. As the swivelling of the stator 
blades led to a reduction in angular momentum, the torque ratio was 
reduced. Due to the large exit angle, 68 degrees, it was not 
considered possible to turn the blades in the opposite direction as 
a substantial blade blockage effect would develop. .
The effect of blade thickness was not included in the forced 
vortex theory. As the inlet blade thickness was much greater 
than that at exit, the effect of turning the stator blades from an 
inlet angle of zero would be to reduce the effective flow area.
This would increase the overall losses and restrict the tendency 
for the circulating flow rate to increase and the predicted increase 
in torque capacity would not be as great as that shown.
ii) Effect of variable pump blades
It would be very difficult to try to provide a control mechanism 
to change the angles of an element such as the pump or the turbine 
while it is in motion and loaded to full capacity. However, the 
ability to easily modify the torque converter characteristics by 
using different pump or turbine components is very attractive to 
the designer.
Unlike the stator blades which could only be swivelled one way 
because the exit stator angle could not be increased from 68° 
without blocking the flow, the pump blades could be turned to 
increase or decrease the exit angle. In the case of the Jandasek 
torque converter the turbine blades cannot be turned because of 
high blade angles, so its effect was not considered in this study.
64
Turning the pump blades had similar effects to those given for the 
stator blades
a) The change in angular momentum through the pump was modified 
and hence the input absorption torque was changed.
b) The tangential component of velocity at the turbine inlet was 
modified,
c) The incidence losses at the pump inlet and the turbine inlet 
were modified.
d) Due to the modified incidence losses, the rate of circulation 
of the fluid through the torus was modified.
If the pump blades were tuned so that the change in angular momentum 
in the pump was reduced, i.e. the pump outlet angle decreased, then 
the input torque and hence the output torque was reduced, the torque 
ratio however was only slightly modified, as shown by figs. 4.1.1.3 
and 4.1.1.4. Turning the blades in the opposite direction i.e. 
increasing the pump outlet angle, had the opposite effect; however, 
the torque ratios went down significantly.
iii) Effect of the discharge angles of a torque converter
The exit angle of each component in the torque converter primarily 
determines its performance characteristics, whilst the entrance angle 
of the component is set at a value that will most efficiently receive 
fluid from the preceding component in the flow path over a wide range 
of operating speed ratios. This section analyses the effect of 
varying the discharge angles on the performance of the torque 
converter.
Changing the exit angle of a component had the following effects on 
the flow circulation through the converter :-
a) The change in angular momentum through the component was 
modified and hence the torque developed by it was changed.
b) The tangential component of velocity at the inlet to the 
downstream component was modified and hence the torque of the 
downstream component was changed.
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c) The incidence loss at the inlet of the downstream component 
was modified and hence the rate of fluid circulation through the 
torus was changed.
Jandasek presented results for a series of pump exit angles whilst 
keeping all other blade angles constant. Satisfactory predictions 
using the forced vortex theory was obtained at all blade angles 
although the stall torque ratio was generally lower than that achieved 
experimentally, see fig. 4.1.1.5 and 4.1.1.6. These figures also 
give the stall torque conditions for various turbine exit blade 
angles and various stator exit blade angles.
From figs. 4.1.1.5 and 4.1.1.6 the designer can readily find the 
alternative component designs needed to satisfy his specific 
performance requirements. The complete overall performance 
characteristics of these alternative designs can then be predicted.
It can be seen from these figures that for the Jandasek torque 
converter, increase in torque capacity is only achieved for a 
decrease in torque ratio and vice versa, no matter how the exit 
angle is varied.
4.1.2 The effect of introducing baffle plates in torque converters
A useful technique used by fluid coupling manufacturers to reduce 
torque absorption capacities of their couplings is to introduce a 
baffle plate into the coupling.' This has rthe effect of blocking 
the flow path at the inner radius of the coupling, see Fig.4.1.2.1, 
thereby reducing the effective size of the coupling.
Experimental results available show that the introduction 
of a baffle plate leads to reduction in torque capacity throughout 
the range of speed ratios, with the largest reduction being at stall.
It has further been observed experimentally that the size of the baffle 
plate determines the speed ratio at which maximum torque occurs.
Development of the multi element procedure to include a baffle plate
Clearly the baffle plate has the effect of a spoiler and increases 
total circulation losses and reduces the effective area available for
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flow circulation. The only theoretical model available for fluid 
couplings with baffle plates was given by Sivalingam (4). He 
simply increased the empirical loss coefficients to allow for the 
increase in energy losses due to the baffle plate. This was done 
by multiplying the incidence loss at pump inlet by a parameter 
and the circulation loss by a parameter K^. In addition the 
blockage effect was taken into account by assuming that the fluid 
circulation occurred between the baffle radius and the outer 
radius of the coupling R^.
With the development of the multi element torque converter prediction 
procedure in chapter 3, the introduction of a baffle plate could be 
readily accommodated. The detailed analysis made it possible to 
model the specific phenomena associated with the baffle plate in a much 
more rigorous way than was possible for the fluid coupling analysis 
given by Sivalingam.
The introduction of a baffle plate into the hydrokinetic unit was 
considered to affect the flow circulation by :-
i) Modifying the mean radius to the design path at the element 
line at which the baffle is located, see fig. 4.1.2.2, i.e. the 
radius at station 6 was given by :
Rn = V  z  4.1.2.1
ii) By introducing an additional flow loss. This additional loss 
was considered to be that given by a sharp edged orifice, i.e.
^LCBnc ^ \  4.1.2.2
where Kq is a loss coefficient for the ratio BAB^/A^ i.e. the flow 
area at the baffled station to the flow area just prior to the 
baffle.
Application of the performance prediction procedure to torque 
converters with baffle plates
Initially the procedure was applied to fluid couplings and compared
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with the predictions given by using the Sivalingam forced vortex 
procedure and with experimental results. Fig. 4.1.2.3 shows the 
predictions for a 19" fluid coupling with a 9" baffle plate. The 
forced vortex prediction was obtained by using a circulation loss 
multiplier = 1, and adjusting the incidence loss multiplier until 
the stall torque given by the forced vortex theory agreed with the 
experimental stall torque. By repeating this procedure to a range 
of fluid couplings with baffle plates of known performance, a 
relationship of incidence loss multiplier, K^, to a ratio of inner 
radius to baffle radius R /R was obtained for application to 
hydrokinetic units (with baffle plates) of unknown performance.
Fig. 4.1.2.4 shows the comparison of the prediction procedures with 
the use of the incidence loss multiplier incorporated as a function 
of the radius ratio R^/R^.
The results produced by the two different theories varied 
substantially when compared with a greater range of fluid couplings 
with baffle plates. However both theories can claim to match the 
experimental results reasonable well, (due to the scattered 
experimental points), with the multi element procedure giving slightly 
better results.
Normally, in fluid couplings the baffle plate is attached to the 
impeller inlet. However, in the multi element procedure, the baffle 
plate can be attached to any inlet or outlet of any component. The 
multi element procedure was usèd to study the effect of baffles at the 
torque converter pump inlet and figs 4.1.2.5 and 4.1.2.6 show the 
calculated performance characteristics. As the radius ratio, R^/R^, 
approaches unity, the circulation losses increase resulting in lower 
torque ratios and capacities. ,
If the designer wishes to move the speed ratio at which maximum 
torque occurs then he must incorporate an adjustable baffle plate.
This can be done by centrifugal action, where the baffle plate is of a 
large diameter at stall and as the speed of the component increases 
the diameter of the baffle reduces.
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4.1,3 The effect of the number of blades and blade thickness
In the forced vortex theory for performance prediction Sivalingam (4) 
concluded that blade thickness had little effect on the performance 
characteristics of the torque converter and hence omitted it in the 
prediction procedure. In the single mean streamline theory for 
multi element torque converters both the number of blades and blade 
thickness were included. The main effects of these parameters 
were :-
i) The flow area at the element line, and hence the magnitude 
of velocity components and power losses, was dependent on 
blade thickness and the number of blades. As the flow area 
decreased all the velocity components increased in magnitude.
ii) The deviation of the flow from the blade direction at
discharge from any component was dependent on the number of 
blades. Consequently the discharge tangential component 
of velocity was modified.
The effect of blade thickness
Jandasek's torque converters were fabricated from sheet metal for 
the pump and turbine, but used a die cast aluminium stator. This 
meant that uniform thickness sheet metal blades were used in the 
pump and turbine, in order to reduce costs and hydrofoil-shaped 
blades in the die cast aluminium stator. This in fact is a common 
technique used by many manufacturers as the streamlined nose of the 
guide vanes makes it less sensitive to the direction of incoming 
fluid, thus improving efficiency over a wide range of speed ratios.
Blade thickness (or blade number) alone may not alter the flow area 
significantly if the blade angles are low. However, where the blade 
angles are high the flow area reduces significantly, see equation 3.1, 
resulting in loss of capacity and torque ratio. In the Jandasek 
torque converter the turbine angles and the stator discharge angle 
were high and therefore increases in blade thickness at these 
particular stations adversely affected the torque converter 
characteristics. Making thicker aerofoil section blades, which 
only involved increase of thickness at the inlet stations, had a 
small effect on the performance characteristics whilst thicker
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uniform thickness blades, which reduced the flow area at all 
stations, caused the performance characteristics to deteriorate 
rapidly, see figs. 4.1.3.1 and 4.1.3.2.
Whilst there was little difference between the predicted performance 
with thin aerofoil shaped blading and thin uniform thickness 
blading, other requirements such as cost, application and strength 
should be taken into consideration. Furthermore, depending upon 
the type of blading used, the incidence loss model would need to 
be modified. For example, the incidence loss for a uniform thickness 
blade would be higher than that for an aerofoil shaped blade due to 
its blunt edge. The incidence loss for the uniform thickness blading 
can simply be increased by a factor as the thickness of the blade 
increases.
The effect of the blade number
In conventional practice the number of blades in the pump anci turbine 
are usually different in order to prevent undesirable flow and 
torsional pulsations. In the stator the problem of fluctuations in 
flow are minimized because usually there is a substantial difference 
in blade number at both turbine-stator and stator-pump junctions. 
Generally a low odd number is used for the stator, i.e. 9,11,13 etc. 
and high prime numbers for pimps and turbines e.g. 31 and 29.
Changing the number of blades in a component had the following effects
i) When the number of blades was increased the flow deviation was 
reduced which led to a reduced tangential component of velocity 
at the discharge of the component. Consequently the torque
through the component was reduced and the torque through the 
downstream component was increased. As the tangential component 
of the relative velocity was also reduced, the incidence loss at 
the inlet of the downstream component was reduced.
ii) When the number of blades was increased, the flow area was
reduced which led to an increase in the meridional component of 
velocity at the inlet and outlet of the component. Consequently, 
the tangential component of velocity was increased leading to a
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change in the torque through the component and a change in the 
incidence loss at the inlet of the downstream component. 
Furthermore, the dissipated losses such as contraction, 
expansion, friction and bend all increased.
When the number of blades was reduced, the opposite occurred.
Figs. 4* 1.3.3 and 4*. 1.3-4 show the effect of altering the number of 
blades in â  component whilst keeping the number of blades in all the 
other components constant.
Increasing the blades in the pump gave a slight increase in torque 
capacity but a reduction in torque ratio.
Increasing the blades in the turbine gave a slight decrease in 
torque capacity and a reduction in torque ratio.
Increasing the blades in the stator gave a decrease in torque capacity 
with a slight increase in torque ratio.
Clearly increasing the number of blades had a more significant effect 
on the flow area than the flow deviation. However, the opposite 
occurred when the blades were reduced.
Decreasing the blades in the pump gave an increase in torque ratio
but a decrease in torque capacity.
Decreasing the blades in the turbine gave an increase in torque ratio
and a slight increase in torque capacity.
Decreasing the blades in the stator gave a decrease in torque ratio 
and a decrease in torque capacity.
Improvement in the performance characterisitcs were obtained by 
decreasing the number of blades in the turbine. The reason for this 
was that for a slight decrease in blade number, the flow area was 
significantly because of the large twist of the blades, thus
giving less power dissipated through the component and an increase in 
the overall circulation rate.
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Since the multi element procedure had a limitation or. aspect 
ratios in the bladed sections, results with very small numbers of 
blades may not be reliable as the empirical correlation for bend 
loss was limited to an aspect ratio of less than two. For 
example, the Jandasek torque converter had aspect ratios of 5 and 3 
in the pump passages when the number of blades in the pump was 8 and 
15 respectively. Consequently the results for these cases would 
not be strictly correct although those for 15 blades would probably 
be satisfactory as the aspect ratio was close to the specified limit.
The prediction procedure therefore becomes unreliable with a small 
number of blades due to the uncertainties associated with the 
empirical bend loss coefficients and with the prediction of the flow 
deviation at discharge from the component. However, if an aspect 
ratio of two is used as an upper limit a reasonable estimate of the 
minimum number of blades is arrived at. The multi element procedure 
can then be used to see if better performance characteristics can be 
obtained with higher blade numbers. This would be an improvement on 
current methods being adopted which consist of an approximate selection 
of blades and then the optimum number being obtained by experiment to 
give the desired performance. This involves a great deal of time and 
cost as provision has to be made to allow different number of blades 
at the experimental stage.
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4.1.4 The effect of blade cropping
Generally the leading edge of one component immediately follows the 
trailing edge of the previous component, therefore, the gap between 
the elements is kept to a minimum. The effect of blade cropping 
which increases the gap between the elements, was studied using the 
multi element procedure which allows for bladeless ducts.
It has been stated earlier that for a particular design the 
modification of torque converter characteristics involving the 
minimum of cost and time is of great importance to manufacturers. 
Whilst modification of the performance characteristics is possible 
using alternative blade angles or introducing a baffle plate, 
perhaps the simplest means is by reducing the angles subtended by the 
individual elements at the torus centre by machining off part of the 
inlet or the outlet of a blade. Fig. 4.1.4.1 shows the Jandasek 
arrangement with the respective blade angles at each element line of 
a component. The angle subtended by various elements was reduced 
by sections along an element line as shown in table 4.1.4.1./and the 
new performance characteristics of the converter were predicted using 
the new radius to the shell, radius to the core and blade angle.
The act of blade cropping at the outlet of a component had the 
following effects :
i) Cutting back the blades of a component altered the outlet blade 
angle and therefore the tangential velocities at the outlet of the 
component and at the inlet of the downstream component were modified. 
This led to modified torques through the two components.
ii) Due to the modified velocity triangle at the inlet of the 
downstream component, the incidence loss for that component was 
altered. The modified energy dissipated gave a new rate of 
circulation of fluid.
Blade cropping at the inlet of a component had the following effects
i) Cutting back i:he blades at the inlet of a component altered the 
incidence loss at the inlet to that component.
ii) The rate of circulation of fluid through the torus was modified
73
due to the change in energy dissipated caused by the modified 
incidence loss.
The effects of reducing the cone angles at various stations are 
summarised below : a maximum of three-element sections were reduced 
at one station but figs. 4.1.4.2 to 4.1.4.7 give the predictions 
for reductions of two-element lines.
(la) Effect of blade cropping at pump outlet
Cutting back the blades at pump outlet decreased the outlet blade 
angle and hence the rate of change of momentum through the pump 
element was reduced. Although ftie rate of circulation of fluid 
increased, due to the overall energy dissipated being reduced, the 
input torque capacity was low, due to the reduced rate of change 
of momentum through the pump. The rate of change of momentum 
through the turbine decreased, due to the lower tangential velocity at 
pump outlet. However, there was an increase in torque ratio as the 
rate of change of momentum through the pump decreased by a greater 
amount. Figs. 4.1.4.2 and 4.1.4.3 present the above results as 
well as the results for cases lb and Ic described below.
(lb) Effect of blade cropping at turbine inlet
Cutting back the blades at turbine inlet increased the overall energy 
dissipated and hence lowered.the rate of circulation of fluid. As 
the rate of change of momentum through the, pump remained the same the 
lower rate of fluid circulation gave lower input torques. Also the 
cutting back of the blades increased the space between turbine inlet 
and pump outlet thereby giving a modified tangential component of 
velocity at turbine inlet. This led to a reduced change of moment of
momentum through the turbine and hence a reduction in torque ratio.
(Ic) The effect of blade cropping at pump outlet and turbine inlet 
The increase in torque ratio gained by cropping the pump blades at 
outlet was nullified by the decrease in torque ratio due to cropping 
the turbine blades at inlet. The net result was reduced input 
torques, again due to the lower rate of circulation of fluid, with 
little change in torque ratios.
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(2a) Effect of blade cropping at the turbine outlet
Cutting back the blades at turbine outlet gave higher tangential 
velocity at turbine outlet due to the increased blade angle 
(decreasing negative angle). The higher tangential velocity gave 
a higher rate of change of momentum through the turbine. As the 
rate of change of momentum through the pump remained unmodified, an 
increase in torque ratio was achieved. Also the rate of fluid 
circulation increased in order to give the higher torque capacities. 
As seen by figs. 4.1.4.4. and 4.1.4.5., which also include results 
for 2b and 2c, the coupling point moved to lower speed ratios 
resulting in lower efficiencies.
(2b) Effect of blade cropping at stator inlet
The effect of cropping the stator blades at inlet was to decrease 
the overall energy dissipated and hence increase the rate of 
circulation of fluid. As the rate of change of momentum through the 
pump remained the same the higher rate of fluid circulation gave 
increased input torque capacities. /
(2c) Effect of blade cropping at turbine outlet and stator inlet 
The effect of cropping the blades at inlet to the stator and outlet 
of the turbine had a similar effect to that for Ic. The blade 
cropping at the outlet of the turbine had a greater effect than 
blade cropping at stator inlet and consequently the performance 
curve was similar to that for reducing the blades at turbine outlet.
(3a) Effect of blade cropping at stator outlet
Cutting back the stator outlet blades decreased the rate of change 
of momentum through the stator which was compensated for by an 
increase in rate of change of-momentum through the pump, due to the 
change in pump inlet prewhirl. The rate of change of momentum 
through the turbine did not change and the rate of change of 
momentum through the pump increased slightly, therefore, the torque 
ratio changed very little. The rate of fluid circulation increased 
which resulted in high torque capacities for the pump, as shown in 
figs. 4.1.4.6 and 4.1.4.7 which also present results for 3b and 3c 
described below.
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(3b) Effect of blade cropping at pump outlet
Cutting back the blades at pump discharge changed the performance 
characteristics very little. The slight decrease in the rate of 
change of momentum through the pump, caused by the increased gap, 
between stator outlet-pump inlet, was compensated by a slight 
increase in the fluid circulation, due to the modified energy 
dissipated.
(3c) Effect of blade cropping at stator outlet and pump inlet 
The cutting back of the blades at both stator outlet and pump 
inlet gave a performance characteristic that was similar to 3a at 
high speed ratios with effect of 3b causing lower efficiencies at 
lower speed ratios.
Conclusions
Blade cropping at the inlet of a component gave a reduced torque 
capacity and reduced torque ratio, as seen in figs. 4.1.4.2 po 
4.1.4.7, and therefore cannot be useful to the designer. More 
meaningful performance characteristics were obtained by blade 
cropping at the outlet of a component in particular the stator 
outlet where an increase in torque capacity was obtained without 
much change to the torque ratios and efficiencies. Reducing the 
blades at pump outlet had the obvious effect of reducing the 
momentum through the pump and hence the input torque capacity with 
an increase in torque ratios and efficiency. This would be useful 
in matching different engine characteristics, yet keeping the 
overall geometry of the torque converter the same. Reducing the 
blades at the turbine outlet gave slight increases in torque 
ratios and torque capacities at stall yet moved the coupling point 
to lower speed ratios. This may also be useful to the designer 
if he wishes to bring the coupling point into operation much quicker 
and maintain higher efficiencies at lower speed ratios.
The results presented apply to the Jandasek torque converter and 
therefore different trends may occur for other designs; however, 
it has been shown that by altering the cone angle of any element 
of the torque converter different performance characteristics 
can be achieved.
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4.1,5 The effect of the number of mechanical elements
In order to study the effect of alternative multi element torque 
converter arrangements the performance of a five element low 
capacity torque converter as given by Walker (8) has been used 
as a datum. The approach used has been to maintain the same 
overall geometry and to design the blading for each arrangement, 
using the multi element design procedure of section 2.3, to give 
the same stall torque characteristics as those given by Walker's 
five element low capacity torque converter. In addition the 
blading was then re-designed to give the maximum stall torque ratio 
possible with each arrangement for the specified input stall torque. 
The complete performance characteristics were then obtained using 
the multi element prediction procedure of section 3.
Walker provides the most comprehensive study of multi element 
torque converters available in the open literature. He gives 
performance characteristics for the following torque converters:
A standard three element torque converter consisting of a pump- 
turbine stator (PTS) combination.
A four element torque converter arranged pump-turbine-stator- 
turbine (PTST), with the turbines connected to rotate together.
A four element torque converter arranged pump-turbine-turbine-stator 
(PTTS) with a planetary gear set linking the first turbine to the 
output shaft while the second turbine drives to output directly.
A five element torque converter arranged pump-turbine-stator-turbine- 
stator (PTSTS) with the turbines linked to the output shaft as for 
the PTTS combination.
A five element torque converter arranged pump-turbine-turbine-turbine- 
stator (PTTTS) with the first and second turbines geared at different 
ratios to the output shaft while the third turbine drives to output 
directly.
Keeping the overall geometry the same for the different arrangements
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Walker progressively showed that torque ratio increases were 
possible.
A theoretical study of the performance of alternative torque 
converter arrangements has been conducted using the configurations 
shown in fig. 4.1.5.1. In addition to the arrangements given by 
Walker, the following arrangements were also studied :
Pump - Stator - Turbine (PST)
Pump - Stator - Turbine - Stator (PSTS)
For each type of arrangement there are many variations to the input 
data of the design program. These are :
The angles ip from the vertical to the element lines. They determine 
the size of the elements and the associated gaps.
The percentage split of stall torque between like elements./ As the 
input and output stall torques of the torque converter are specified,
the total stall torque between like elements can be found. The
total is then split between the like elements.
The gear ratio of a geared element. The gear ratio will affect the 
torque and speed of the element.
In order to obtain comparable results, it Was necessary to keep the 
overall geometry as consistent as possible. The stall conditions of 
the Walker five element low capacity torque converter, i.e. input 
and output stall torques of 203 Nm and 680 Nm respectively were 
always used as the basic desiqn requirements. All designs were 
carried out with an assumed circulation loss parameter of 4.5.
i) Pump-Turbine-Stator (PTS) arrangement
This is the most common type of torque converter in production at 
present. The resultant blade angles obtained using the design 
procedure are shown in table 4.1.5.1.
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Section 2.2 showed the effect on the predicted blading design of 
varying the circulation loss parameter, the outer radius of the 
torque converter and the speed ratio at zero incidence. In this 
design study the circulation loss parameter and the outer radius 
were kept constant and the speed ratio at which zero incidence 
occurred was altered until a solution was obtained. At the high 
speed ratios where solutions were possible, the blade angles were 
of a high magnitude and when they were substituted in the multi 
element prediction program, performance predictions were not 
possible because the losses were very high due to the blockage 
caused by the high twist of the blades. Generally it was found that 
if an angle was higher than 70 degrees then the complete performance 
could not be predicted. It can also be observed from the table that 
blade angles can be predicted for high torque ratios. However, 
the range of speed ratios at which solutions exist becomes lower 
and lower. Although the design program predicted blade angles for 
specified torque ratios as high as 4.5, the prediction program only 
gave torque ratios in the region of 2.6 to 2.75. It would seem 
therefore that the maximum predicted torque possible for this 
arrangement was approximately 2.75 regardless of the specified value 
of the stall torque ratio. If a torque ratio of 2.75 or less was 
specified then the designed blades twisted less and the multi element 
prediction program gave stall torque ratios near the values 
specified.
Figs. 4.1.5.2. and 4.1.5.3. show the performance predicted using 
designs 1C and ID in table 4.1.5.1 and compares them with the 
experimental results of the five element low capacity Walker PTSTS 
torque converter. It can be observed that the three element PTS 
combination can give reasonably similar results to those shown for 
the PTSTS combination although the torque ratios at low speed ratios 
were lower.
ii) P.ump-Stator-Turbine (PST) arrangement
This is a most uncommon arrangement for the simple three element 
torque converter. The predicted blade angles are shown in table
4.1.5.2. Again as for the previous (PTS) arrangement the design
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program gave blade angles for high torque ratios, however, the 
maximum predicted torque ratio for which the prediction program could 
be run was approximately 2.0. Figs. 4.1.5.4. and 4.1.5.5 show the 
predicted performance using designs 2B and 2D from table 4.1.5.2.
The resultant torque ratios and efficiencies as well as the torque 
capacities were very poor. However, when a design stall torque 
ratio nearer the maximum torque ratio possible for this arrangement 
was specified, the predicted performance improved slightly, but 
still remained very poor.
In conventional three element torque converters the pump outlet 
angle is usually positive giving a high tangential component of 
velocity , therefore giving a high rate
of change of angular momentum through the pump element. For the 
PST arrangement the design program gave negative pump outlet angles 
which gave a low tangential component of velocity at outlet from 
the pump. Coupled with this, the preceding element to the pump i.e. 
the turbine was rotating thus giving a high tangential component of 
velocity leaving the turbine. The overall effect was a low rate 
of change of angular momentum through the pump and hence the low 
torque capacities. Similarly the rate of change of angular momentum 
through the stator was low due to the low tangential component of 
velocity at pump outlet thus giving the poor torque ratio 
charac teri s tics.
iii) Pump-Stator-Turbine-Stator (PSTS) arrangement
The predicted blade angles for this arrangement are shown in table
4.1.5.3. The effect of the additional stator was to improve the 
overall performance characteristics as seen in figs. 4.1.5.6. and 
4.1.5.7; however, the efficiency was still not as good as the 
conventional three element arrangement. The improvement in 
performance, compared with the PST arrangement, was due to the 
placement of the stationary element prior to the pump, which 
increased the rate of change of angular momentum through the pump 
even though the pump outlet angles remained negative. The 
increased rate of change of angular momentum in the pump was due to 
the reduced tangential component of velocity from the stator discharge,
N
80
Similarly the rate of change of angular momentum through the turbine 
was increased. It is the rate of change of angular momentum values 
that governs torque ratios and efficiencies while the mass flow rate 
multiplied by the rate of change of angular momentum gives the 
individual torques of the elements. Because of this the input 
torque capacities varied slightly, as the mass flow rate was 
adjusted to give the required torques.
For this arrangement it can be obseirved from table 4.1.5.3 that the 
ratio of the percentage of stall torque between the stators S^/Sg 
only affected the angles at the first stator outlet-turbine inlet 
station and turbine outlet-second stator inlet station. As the 
ratio of the percentage stall torque between the two stators was 
increased the turbine outlet-second stator inlet angles changed from 
high negative values to positive values. This suggested that the 
ratio of the percentage stall torque between the two stators should 
be kept approximately 50/50 to avoid high blade angles and hence keep 
losses down.
iv) Pump-Turbine-Stator-Turbine (PTST) arrangement
The four element torque converter having an impeller, two turbines 
connected together as one meaber, and one stator was one of the first 
torque converters to appear in a passenger car that incorporated more 
than one turbine. The converter was used in a non-shifting 
transmission.
The predicted blade angles for this arrangement are shown in table
4.1.5.4. Similar to the previous arrangement (PSTS) the ratio of the 
percentage stall torque between the two turbines T^/T^ only affected the 
blade angles at the first turbine outlet-stator inlet and stator 
outlet-second turbine inlet stations; however, in this case as the 
ratio of the percentage stall torque between the two turbines was 
increased the magnitude of the blade angles at the first turbine 
outlet-stator inlet station changed from high positive values to high 
negative values. The stator outlet-second turbine inlet angles 
remained high and therefore results could not be predicted at the 0.5 
speed ratio. As the design speed ratio was decreased, the magnitude
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of the designed angles decreased and eventually the complete 
performance of the designs 4D and 4F, The efficiencies and 
torque ratios compared favourably with the experimental results 
whilst the input torque capacities were low, see figs. 4.1.5.8 and 
4.1.5.9.
v) Pump-Turbine-Turbine-Stator (PTTS) arrangement
In this arrangement a planetary gear set linked the first turbine 
to the output shaft whilst the second turbine was connected 
directly to output. The first turbine was mechanically connected 
to the ring gear of the planetary gear set. With the planet carrier 
acting as the output member and the sun gear as the reaction, the 
first turbine torque was multiplied by the planetary gear ratio to 
the output shaft. Therefore, the total output torque of the 
converter at all speed ratios was represented by the equation :




As the converter output speed increased, the speed of the first 
turbine, driving through the planetary gear set, increased at a 
higher rate than the second turbine by a factor of the geared ratio 
(see Appendix 2 for the torque and speed derivations).
Table 4.1.5.5 shows the designed blade angles for this arrangement.
The important blade angles in terms of whether performance can be 
predicted or not were at the second turbine outlet-stator inlet 
station. These angles became low as the ratio of the percentage 
split of stall torque T^/Tg became high. These angles were also at 
their lowest when the speed ratio at zero incidence was the lowest 
possible.
Therefore for this arrangement, at the specified stall torque ratio 
of 3.35, predictions could only be obtained by specifying a minimum 
of 75% of the total stall torque for the first turbine. Figs. 4.1.5.10 
and 4.1.5.11 shows the performance for design 5C. The improvement in
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the overall performance can be clearly seen, that is a steeply rising 
efficiency at the low speed ratios with the efficiency remaining 
high over a wider range at the higher speed ratios.
The increase in stall torque ratio can be explained using fig. 
4.1.5.12 which shows the individual torque contributions by each 
component of the arrangement. At stall, the fluid leaving the 
impeller has a high tangential component of velocity and since it 
changes direction as it passes through the stationary first 
turbine, the rate of change of angular momentum and hence the 
torque through it is high. With the lower torque in the second 
turbine the net effect is to give an output torque highly 
dependent on the torque of the first turbine. As the speed of the 
first turbine increases the rate of change of angular momentum 
through it decreases thus decreasing the output torque of the first 
turbine. Eventually, the angular momentum of the fluid leaving
the first turbine is exactly equal to that entering it, and hence 
zero torque is produced. At this point the sun gear, which is 
reacting through a one way clutch, begins to free wheel, allowing 
the first turbine to continue at a speed at which it produces zero 
torque; this is a similar function to the stator after the 
coupling point has been reached. As the first turbine deflects the 
fluid less and less, the tangential component of velocity of the 
fluid entering the second turbine increases so that the rate of 
change of angular momentum âcrosç it increases. Thus, while the 
torque of the first turbine decreases, the torque of the second 
turbine initially increases slightly giving a net effect of 
decreasing output torque with the first turbine contributing less 
and less to the total output torque.
vi) Pump-Turbine-Stator-Turbine-Stator (PTSTS) arrangement
In this arrangement a stator was added between the two turbines 
therefore making it a similar arrangement to that studied in 
sections 2.3 and 3. Table 4.1.5.6 gives the predicted blade angles 
for this arrangement. It is clear that there is a limiting value 
for the ratio of the percentage stall torque that can be used for both
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the stators Ŝ /Ŝ , and the turbines T^/Tg. When the ratio of
the percentage stall torque for the turbines is low the design 
program either give no solutions or very high blade angles, see 
6D,6E,6F and 6G in table 4,1.5.6. In the case of the stators, the 
ratio of the percentage stall torque has to be 25/75 or less in 
order to obtain solutions. It is interesting to note that for the 
Walker PTSTS arrangement the ratio of the percentage stall torques 
for the turbines is 84/16 and for the stators 30/70, whilst the 
performance characteristics shown in fig. 4.1.5.13 and 4.1.5.14 
are for ratios of 75/25 for the turbines and 25/75 for the stators. 
The increase in torque ratio is caused by the addition of the first 
stator but its contribution is quickly lost as it begins to free­
wheel at approximately 0.15 speed ratio. As for the previous 
(PTTS) arrangement, most of the torque at stall is provided by 
the first turbine as its torque is multiplied by the planetary 
gear ratio.
vii) Pump-Turbine-Turbine-Turbine-Stator (PTTTS) arrangement
In this arrangement the first and second turbines are geared at 
different ratios to the output shaft while the third turbine is 
directly connected to output (see fig. 4.1.5.1). Appendix 2 shows 
how these planetary gearsets affect the individual speeds and 
torques of the geared turbines.
Table 4.1.5.7 shows the predicted blade angles for this arrangement. 
According to Walker, at stall the first turbine provided all the 
torque i.e. the ratio of the percentage stall torques between the 
three turbines T^/T^/T^ was 100/0/0, however the design program 
gave no solutions with this type of torque split. With the stall 
torque split 0/0/100, blade angles were designed but their values 
were too high to give performance predictions. With the stall 
torque split as 0/100/0 blade angle design, and subsequently, 
performance predictions, were obtained; however, the performance 
characteristics deteriorated from those given by the previous (PTSTS) 
arrangement, which is contrary to the trends given by Walker. With 
a stall torque split of 0/100/0 no torque is produced by the first
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or the third turbine at stall. As the speed ratio increases the 
torque of the first turbine remains zero while the third turbine 
torque increases and the second turbine torque decreases. This 
means that the first turbine is freewheeling throughout the speed 
ratio range and consequently does not contribute to the total output 
torque. The effect of keeping the stall torque split at 0/100/0 is 
that higher torque ratios than 3.35 are not possible. To bring the 
first turbine into use, the percentage stall torque on it is 
increased. It is found that over 30% does not give solutions for 
the specified 3.35 stall torque ratio, therefore, figs. 4.1.5.15 and 
4.1.5.16 give the performance curves of design 7D which used a 
30/70/0 torque split. For high specified stall torque ratio i.e.5.5 
it was found that torque splits of 40/60/0 were possible, see 
fig. 4.1.5.17 for the individual torque contributions using this 
split. Whilst this led to a design which gave high predicted torque 
ratios, the efficiency fell sharply before the coupling point was 
reached, see fig. 4.1.5.15.
Conclusions
Of the arrangements studied, the ones with a stator following a 
pump i.e. ii) and iii) produced poor results. Also the
arrangements with the turbine preceding the pump i.e. ii) and iv) 
also gave poor results. It can therefore be concluded that a 
torque converter arrangement should consist of a stator preceding 
the pump and a turbine following the pump in order to achieve good 
performance characteristics.
Three element torque converters (PTS) with stall torque ratios of 
the order of 3il are well established. Torque ratios as high as 
7:1 are possible but only at the expense of very low capacities. It 
has been shown that the use of geared multi element torque converters 
can give high torque ratios without loss in capacity and smoothness 
of output torque characteristics. Physical limitations of the 
simple planetary gear set limit the range of gear ratios to between 
1.3-1.6 with the sun gear as a reaction member and 2.6-4.3 with the 
ring gear as a reaction member. The torque ratio of the PTTTS 
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4.2 The effect of fluid properties
There are many potential problems that may need to be solved before 
a torque converter transmission can be released as a production 
model. The following is a list of items that need consideration 
and require special attention:
Noise due to aeration and/or cavitation 
Cooling of the circulating fluid through the converter 
Pulsations and instability in the flow of the 
circulating fluid 
Response of the torque converter to transient changes in 
input and output load 
Axial thrusts and deflections due to the fluid forces 
on the blades.
This section deals solely with the effect of fluid properties such 
as kinematic viscosity, temperature and cavitation on the torque 
converter performance.
4.2.1 The effect of kinematic viscosity
Light mineral oils of various kinds have been used in torque 
converters since their introduction. Included in some of the early 
fluids used were kerosene and light engine lubricating oil, with 
the latter becoming the predominant torque converter fluid over 
the years. The selection of this oil resulted from the 
requirements of the other components in the transmission of which 
the converter and its function was only a part, for example 
lubrication of bearings, highly loaded gears, etc. The torque 
converter fluid must be a power transmitting fluid as well as a 
lubricant having good film strength, resistance to oxidation and 
foaming. It must also have a high viscosity index in order to 
maintain acceptable viscosities throughout the range of 
temperatures it may encounter.
Disregarding the practical aspects such as lubrication, sealing, 
corrosion, etc. this investigation was carried out using Fuel oil 
density 940 Kg/m^ , Kerosene density 813 Kg/m^ and Petrol
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density 716 Kg/m^. The kinematic viscosity of the fluids vary 
with temperature, so all performance predictions were for a
temperature of 80°C which gave kinematic viscosities of 20 mm^/s
2 2 for Fuel oil, 1 mm /s for Kerosene and 0.35 mm /s for Petrol.
In the multi element prediction procedure the kinematic viscosity
alters the Reynolds number and hence the friction losses leading
to a new rate of circulation of fluid, see chapter 3.
Figs. 4.2.1.1 and 4.2.1.2 show the results using Fuel oil and Petrol.
There was very little difference in the performance between the three
fluids and in fact the Petrol and Kerosene results were nearly
identical. The true difference in the performance characteristics
were obtained when the non-dimensional torque capacities were
changed into dimensional quantities, i.e. by multiplying by the 
2 5term pWp Rq , and a family of absorption curves were obtained.
It is clear from the non-dimensional torque expression that if the 
non dimensional torque at a particular speed ratio remains the same, 
then greater input torque is obtained with greater density. .
Fig. 4.2.1.3. shows how the stall line moves for the different 
fluids and this phenomena could be useful for the matching of the 
engine torque curve to the torque converter characteristics, 
particularly as the torque ratios and efficiencies were not 
affected appreciably.
4.2.2 The effect of cooling flow
Fluid is continuously circulated through the torque converter and 
cooled in order to keep the fluid temperatures as low as practicable. 
Cooling of the fluid prevents rapid oxidation and reduces the 
tendency of cavitation, since cavitation is a function of vapour 
pressure which increases with fluid temperatures. The rate of 
fluid flow through the torque converter depends upon the 
application but can vary from 0 . 5 - 3  gallons per minute. Maximum 
flow through the cooling circuit is obtained by having the inlet into 
the converter at the impeller entrance and the outlet at the turbine 
exit. With this arrangement the pressure head generated by the 
impeller assists the flow through the cooling circuit while inter-
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changing the inlet and outlet locations drastically reduces flow 
and at some speed ratios may even stop it.
The efficiency of the torque converter is low over a considerable 
part of its operating range and if operation in this range continues 
for any length of time a great deal of heat is generated. This 
calls for the provision of special cooling systems, such as heat 
exchangers, beyond that accomplished by radiation, forced convective 
air cooling and circulation of the flow through the transmission sump.
Considerable heat is generated while the vehicle is being brought up 
to speed under difficult conditions, as in hill climbing, but the 
heating problem becomes more serious when a long, steep grade has 
to be ascended under a heavy load. For instance an ascent of a 6% 
grade by a car hauling a 2250 Kg trailer doubles the sump temperature 
from 40°C to 80°C in 15 minutes. Temperatures of 150°C can be 
attained in a torque converter during operation whilst at start-up 
the fluid temperature could be well below 0°C, eventually reaching 
higher temperatures under normal running. Whilst transient response 
would be affected and is not considered here, figs. 4.2.2.1 and 4.2.2.2 
show the effect of temperature, assuming steady state operation, on 
the performance of the torque converter. It can be seen that the 
performance was not affected significantly, in fact the obvious has 
happened, higher temperatures gave lower absolute viscosity, hence 
higher Reynolds number and consequently lower frictional losses.
The overall effect was a higher mass flow rate and a slightly better 
performance curve for the higher temperatures.
4.2.3 The effect of aeration and cavitation
Cavitation refers to the phenomenum of alternate formation and 
collapse of gas bubbles on the surface of the passages where the 
pressure is lower than the vapour pressure of the fluid. The gas 
bubble is formed by the vaporization of the fluid at the low pressure 
point. The bubble collapses as it moves downstream into a region 
where the pressure is again greater than the vapour pressure. The 
collapse of the bubble is accompanied by a localized impact of the
88
fluid on the surface. The net result is a noise band including 
extremely high frequencies and harmonics in the audible range.
These phenomena are most likely to occur during stall conditions 
where flow velocities are highest and where all the input horse 
power is being converted to heat. This type of noise is controlled 
by maintaining reasonable temperatures and charging pressures. The 
pressure required varies with the size of the unit and the power 
being supplied, but is usually in the range 30-180 psi. Besides 
the occurrence of noise, cavitation is discernable by a falling off 
of impeller torque from normal values.
Cavitation erosion in hydrokinetic devices has arisen with torque 
converters running too hot, therefore adequate cooling and 
provision for charging pressures cannot be stressed too highly.
No theoretical predictions of torque converter performance have 
been carried out with respect to cavitation or aeration; however, 
during the development of the flow visualisation rig (see chapter 5) 
a series of tests were conducted with various amounts of air allowed 
to enter the torque converter. The air was progressively increased 
and a high speed camera was used to take photographs of the flow, 
figs. 4.2.3.1. The air bubble progressively became bigger at the 
inlet to the pump, which must be the low pressure area of the torus, 
and the flow was very turbulent. The effect of increasing the air/ 
fluid mixtures was to reduce-input torque capacities and output 
speeds for a fixed output load. The measured input torques and 
output speeds are included in fig. 4.2.3.1.
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Fig 4.2.3.1. Effect of increasing air/fluid mixture on
flow behaviour
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Fig 4.2.3.1. Effect of increasing air/fluid mixture on
flow behaviour
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CHAPTER 5 - DESIGN OF THE FLOW VISUALISATION RIG
The essential features of an accurate performance prediction 
procedure and a design procedure are an accurate description of 
the circulating velocity profile and an accurate prediction of the 
individual loss generating mechanisms. Therefore, it was 
considered essential that a flow visualisation rig be built to 
supplement the theoretical work. Although the initial purpose of 
a flow visualisation rig was to study the flow patterns in 
partially filled fluid couplings, because of the interesting 
experimental observations by Ishihara (18) and the theoretical work 
by Sivalingam (4), it was decided that flow visualisation should 
take place inside a torque converter. There were two reasons for 
this; first, a small torque converter and some of the parts shown 
in the torque converter arrangement, fig. 5.1, were readily 
available from industry, thereby giving a large saving in overall 
cost, and second, the theoretical procedures developed in this 
study were mainly directed towards torque converters.
It was hoped that the flow visualisation rig would give greater 
insight into the flow behaviour, particularly flow velocities, flow 
patterns and incidence angles with the intention of using the 
information to assist the development of the theoretical procedures.
5.1 Design process
Fig. 5.1 shows the torque converter arrangement of the flow 
visualisation rig. The aluminium torus shell of a 13" torque 
converter pump element was machined off and replaced by an acrylic 
shell. The plastic shell and the metal blades were attached by 
small screws in appropriate positions, see fig. 5.2. A substitute 
transparent pump element was also made by using Araldyte epoxy resins 
AYll and HYll. The appropriate mixture was poured into an existing 
casting mould, so that instead of a fabricated component a complete, 
'cast' araldyte, transparent pump element was obtained. The 
difficulty encountered with this method was ensuring that the 
patterns were completely covered in a suitable parting agent, so 
that the araldyte mixture was not absorbed into the sand. A 
successful casting was obtained at the second attempt and it can be used
90
on the rig in place of the existing fabricated pump element. The 
advantage of the clear araldyte to the acrylic fabricated pump was its 
extra strength, thus the power supply could be increased from that 
used. Also, stall conditions could be obtained without fear of the 
high temperatures affecting the araldyte material as it could with­
stand greater temperatures than acrylic. The main disadvantage of 
the araldyte pump was that it was not as clear as the acrylic pump. 
Tests have not been carried out with the cast araldyte pump as the 
acrylic pump was constructed first and it was considered to be the 
better component on which to develop the visualisation techniques 
due to its greater clarity.
Fig. 5.3 shows schematic drawing of the flow visualisation rig. As
the torque converter elements were made of acrylic, which has a 
tensile strength of 800 K g / c o m p a r e d  with 1336 Kg/m^ for 
aluminium, a low power supply had to be used. The diagram shows 
the torque converter driven by a 3 phase, 440 volt, 5 horse power 
electric motor giving an input speed of 740 rpm, which was liable to 
decrease slightly when a load was applied to the output shaft .of the 
torque converter. To reduce the high start up torque, which would 
damage the torque transducer measuring the input torque, a star delta 
starter was used. A Froude hydraulic dynamometer, type DPX, capable 
of absorbing 150 horse power at 1400 rpn was used to brake the output 
shaft. Because of the low operational speeds that had to be used in 
conjunction with the acrylic components, the hydraulic dynamometer 
was only capable of reducing the output speed slightly i.e. the lowest 
possible speed ratio was approximately 0.7.r This was advantageous 
as at lower speed ratios the oil temperatures rise rapidly and the 
fluid forces on the blades increase, therefore putting the fabricated
component under greater stress. The recommended working temperature
for acrylic was less than 80°C. A speed ratio range of 0.7 to 0.95
was considered sufficient to study the flow behaviour characteristics.
The working fluid pumped through the converter by a rotary gear
pump was a special white oil 'Ondina L* which has a density of 
870 Kg/m^. This is a vegetable oil which is colourless and h 
advantage of not 'attacking or corroding' the acrylic surface.
The input torque was measured using a British Hovercraft torque
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transducer rated 0-54 Nm capable of withstanding transient overloads 
of up to 108 Nm. An optical speed probe unit attached to the 
torque transducer provided an inexpensive rotational speed sensing 
device.
The output torque was measured using a Novatech load cell rated 
0-450 N which was attached to the brake. When the load was multiplied 
by the distance from the centre of the rotating shaft, the output 
torque was obtained. The output speed was measured using an Orbit 
magnetic probe used in conjunction with an existing 60 tooth gear 
wheel on the water brake.
A thermocouple gave the oil temperature while a pressure gauge gave 
the pressure inside the torque converter,
A photograph of the rig is shown in fig. 5.4.
5.2. Visualisation techniques /
Because only the pump element was transparent, the expected viewing 
areas were at the pump inlet and stator outlet and in between the 
pump blades. As regards to the use of tracers some experimentation 
was required. The possible methods were : -
i) Gas bubbles : Cathodic gas bubbles can be generated at a thin 
wire that is immersed in the moving fluid upstream of the area under 
investigation. The bubbles are swept forward from the wire by the 
flow and enter the test area where local illumination make them 
visible. The bubble size is controlled by the amount of current 
passed through the wire which is usually of 1.5 to 2 thousandth of an 
inch in diameter. This technique was only possible for low flow 
velocities and only shows the flow pattern rather than act as tracers 
to give flow velocities.
ii) Dyes; Dyes can be injected at the point of interest giving 
precise flow patterns under illumination. The great disadvantage was 
that the working fluid in time would become discoloured by the dye to 
such an extent as to make further dye injection indistinguishable, 
thus making periodic replacement of the working fluid necessary.
92
iii) Plastic spheroids; Introduction of small pastic spheroids, 
usually polyethylene or polystyrene of density about 1.06 gm/cm^, at 
any point upstream of the system under investigation provide very 
good traces for photography and show up very well under planer 
illumination.
iv) Air; Air injection prior to the area under investigation will 
produce air bubbles that can be photographed under illumination.
The use of different tracers, namely plastic spheroids and air, and 
photographic techniques were investigated. The use of slit lighting 
normally used in static models for illumination of a two dimensional 
plane was not practical because of the presence of metal blades and 
the three dimensional flow. It was therefore decided to use a simple 
spotlight shining into the model through the viewing face. A camera 
with a high shutter speed to 'freeze' the pictuœ  was used, and a cine 
film of the flow was taken.
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5.3 Experimental performance characteristics
The torque converter performance results were obtained from the flow 
visualisation rig and compared with those from the multi element 
torque converter prediction program and from the manufacturer.
Fig. 5.5 shows typical performance characteristics obtained over 
the limited range of speed ratios, and compares these results with 
the experimental results from industry and the theoretically predicted 
results. It is evident that the performance of the torque converter 
taken from the flow visualisation rig does not compare closely with 
that from industry or that predicted. Due to the transparent pump 
element, the stator was actually observed to have stopped rotating
at the speed ratio of 0.74 under stroboscopic light and
consequently the coupling point was accurately located.
The factors contributing to the performance given by the flow 
visualisation rig were :-
i) Temperature ; The results from industry were for temperatures
between 80°C - 120°C while the flow visualisation 
rig results were at 20°C. The multi element 
program was used to obtain results for temperatures
of 20°C and 80°C, however, the results were virtually
the same for both. In the multi element prediction 
procedure the temperature only affected the friction­
al losses, therefore the overall performance was not 
significantly altered. It therefore appears that 
the temperature difference was not the major cause 
of the discrepancy of the performance shown in Fig.5.5.
ii) Aeration If air enters the system then aeration is likely to 
occur and the working fluid properties alter.
Aeration causes a loss in torque capacity, see 
fig. 4.2.3.1. Although aeration could not be 
detected in the pump element, some may have existed 
in another part of the circuit or it may have been so 
little that it was invisible to the naked eye. During 
the experiments a charge pressure of 20 psi was used as 
it was feared that higher charge pressures would damage 
the acylic components. However, brief tests were 
conducted at higher charge pressures and whilst these
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showed that the torque capacity increased, the 
change between 20 psi and 30 psi (that used by the 
manufacture) did not significantly improve the per­
formance.
As aeration was considered to be the major cause of the poor perform­
ance curve it must be eliminated in one of two ways
(a) The charge pressure must be increased which would mean the 
modification of the acrylic components to make them stronger, 
particularly the backing plate.
(b) The air in the circuit must be reduced or eliminated. As the oil 
returning to the reservoir was above the oil level of the reservoir,
a great deal of turbulence was caused and consequently the oil 
became aerated. If the return was below the oil level of the 
reservoir the problem of aeration would be reduced.
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5.4 Internal flow visualisation results
A Nikon hi-speed camera with a 5.6-8 aperture setting and focal length 
f50mm was used to take photographs of plastic spehroids at the stator 
outlet-pump inlet station of the torque converter. Close up lenses 
were added to the camera and a remote flash was used. The film 
speed was 80 ASA and the shutter speed was 1/2000 sec; therefore the 
photograph would be completely 'frozen' i.e. traces by the beads would 
not be visible. It was essential to freeze the movement of the blades 
in order to obtain photographs free of a blurred image, this meant 
that the movement of the beads was also frozen because their velocity 
was lower.than the velocity of the rotating pump. Consequently it 
was impossible to measure the fluid velocities using still photography, 
however, the main objective of the initial photographic tests was to 
see if the beads showed up clearly and to see the flow pattern 
changes as the output shaft was braked. Fig. 5.6 shows the impeller, 
which was rotating in an anticlockwise direction at a speed of 
approximately 700-750 rpn. It can be clearly seen that the beads
have gathered at the outlet of the blades and the torus shell. Due
3 'to the beads (density 1.06 Kg/cm ) being heavier than the oil
(density 0.88 Kg/cm^), the centrifugal force has thrown all the beads 
to the outer edge of the torque converter. The flow velocity was 
insufficient to overcome the centrifugal force on the beads, therefore, 
the only solution was to use beads having a density equal to or lower 
than the density of the oil, so that they flow around the circuit 
with the oil. This would have been the next stage but unfortunately 
the beads entered the gap between the turbine and the converter cover, 
see fig. 5.1, and were wedged in causing the input and output to 
drive at the same speed, i.e. giving a direct drive similar to a 
rigid coupling. Although this did not damage the working parts, 
using lower density beads would have presented the same problems, 
and hence it would have been necessary to regularly dismantle the 
rig in order to clear the beads. This was rather unfortunate as 
the beads would have given excellent colour photographs especially 
as the low density beads were of an orange colour.
Having decided that plastic spheroids were unsuitable, an air supply 
to produce fine bubbles was fitted prior to the inlet of the pump 
element. The results of the photographs with an air/fluid mixture
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have already been presented in section 4.2.3, figs. 4.2.3.1, With 
very fine air bubbles the flow pattern was very difficult to see, 
whilst an increase in the size of the air bubbles caused an 
increase in aeration, thus the true torque characteristics and 
flow behaviour were not obtained. The angle of the flow separating 
from the blade was quite clear and decreased as the air/fluid 
mixture was increased. These flow angles, which are not strictly 
the same as the flow angles at inlet to the pump prior to the blade 
tip, are shown in fig. 5.7. For the true flow angles the 
visualisation must be carried out prior to the pump blade tips, 
however, this could not be achieved with air bubbles and is also 
unlikely to be achieved using plastic spheroids. The measured angles 
of fig. 5.7 does however given an approximation to the flow angle 
particularly when the air/fluid mixture is as low as possible, i.e. 
whilst the measured angle by fig. 5.7 was 53° the flow angle by the 
theoretical procedure was 62° at the same speed ratio.
A 'High-cam' movie camera was also used to make a film of the flow. 
This film was taken at 4000 frames per second and was clearei;,- for 
determining the flow angle downstream of the blade tip. The fluid 
velocity can be found by identifying a particular bubble and following 
its path over a number of frames and measuring the distance it has 
moved. This distance can then be related with the known distance and 
speed of a spot or marl: on .the pump blade. As there were too many 
air bubbles it was impossible to isolate any one and consequently it 
was not possible to measure the flow velocity. If this velocity is 
required then plastic spheroids should be used, even though it would 
mean periodic dismantling of the rig to clear them from the gap 
between the turbine and the converter cover. The orange coloured 
beads could be mixed with white colours in order to isolate them 
for velocity measurements.
Recommendations for further flow visualisation studies
Whilst air bubbles gave an excellent visualisation technique for 
studying flow patterns and flow angles downstream of the pump blades 
and plastic spheroids would give the flow velocity downstream of the 
pump blades, it is essential that further flow visualisation is 
carried out if more meaningful results are to be obtained. By
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machining off the turbine shell and replacing it with an acrylic 
shell, visualisation, using airbubbles and plastic spheroids can 
be carried out at turbine discharge. An additional visualisation 
technique of attaching streamers to the stator and turbine blades 
at discharge could be used. The streamer should follow the flow 
of the oil therefore giving flow angles at turbine discharge - 




























































































































FIG 5.5 SCO 13" TC PERFORMANCE CURVES
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Fig 5.6 Flow visualisation with plastic spheroids
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Fig 5.6 Flow visualisation with plastic spheroids
Fig 5.7 Flow angle at inlet of the pump blade
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CHAPTER 6 - RECOMMENDATIONS FOR FUTURE WORK
The major item of this thesis has been the performance prediction 
and design of hydrokinetic units, particularly multi-element torque 
converters. A major requirement for the multi-element torque 
converter prediction procedure is more extensive and accurate 
experimental data in order to thoroughly test the empirical loss 
models used. The design and building of the flow visualisation 
rig began late in the programme of work and only initial development 
tests have been carried out. The further development of the flow 
visualisation techniques could, therefore, form a major item for 
any future investigation.
The theoretical studies in this work have indicated a number of 
possible ways of modifying torque converter performance 
characteristics. The most promising of these need to be 
investigated experimentally, in particular the technique of blade 
cropping is considered a viable and simple approach. Further 
experimental investigations in this area would also provide 
extensive performance data with which to test the theoretical 
procedures.
Of the topics not covered in this thesis, the performance of torque 
converters under transient conditions is considered to be a major 
item requiring extensive study both theoretically and experimentally.
Another field of study is the'reverse driving of torque converters,
i.e. their use as retarders. Using the torque converter in the 
conventional way and as a brake removes the need to include a 
separate hydrokinetic retarder and is attractive despite the added 
complexity of the transmission control system.
The areas of work suitable for further research can be summarised 
as :
i) Further validation of the performance prediction and design 
programs for multi-element torque converters.
ii) Further flow visualisation studies.
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iii) A theoretical and experimental investigation of the 
transient characteristics.
iv) An experimental investigation on the effects of geometric 
parameters on the performance of torque converters.
v) A theoretical and experimental study of the reverse driving 
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APPENDIX 1
2 2 5Relationship between non-dimensional torques t/pA^ R^^ x/p Wp R^ 
The radius to the design path at the outlet of the pump is given by
•CO = 2*02 - Roi.e. R_^ = 2Rj3„ — R^ A1.2
The circuit flow area at the outlet of the pump is given by
A2 = - Rco> *1-3
substituting equation A1.2 in the above equation gives
^ 2  2 w ( R Q  -  A 1 . 4
Letting
and
T = 2 _5 A1.5
*0
T =    A1.6
'̂ *2“2p *02 •
and substituting equation A1.4 into equation A1.6 gives
P2tt (Rq - Rd 2> U2p
substituting U_ = w R_ and rearranging2p p 2
T 2
P^p 2tt ( —-- \ f I ——  \ — 1 I Al.8
substituting for T, equation A1.5 gives




All epicyclic gear trains were considered to be steady state, torque 
balance type. For the computer programs developed the values of 
the individual speeds and torques of the geared components in the 




The above figure shows a typical simple epicyclic gear train. The 
basic speed and torque equations see ref (19) are /
SW “pc “rw A2.1
^SW ^PC ^RW ° A2.2
RW A2.3
where the planetary gear ratio gr = 'RW
'SW
Note : clockwise speeds were considered to be positive,
A2.4
From these four basic equation's, the individual torques and speeds 
of a gear train or combination of gear trains was found provided the 
planetary gear ratio, two speeds and one torque or one speed and two 
torques was known.
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Torque and speed expressions for the PTTS and PTSTS arrangements 
of section 4.1.5
The first turbine is connected to the ring gear of the epicyclic 
gear set while the second turbine is connected direct to output, 
see fig. 4.1.5.1V and 4.1.5.1VI.
In this arrangement the speed of the sun is zero i.e. = O
therefore equation A2.1
"RM = "PC I— A2-5
which gives the speed of the ring wheel and hence the speed of the 
first turbine.
Equations A2.2 and A2.3 give the torque on the planet carrier due 
to the torque in the ring wheel.
i-e- ^PC = - tpM ' — A2-6
As the torque from the second turbine is direct to output, the total 
output torque is
^OUT ^Ti I qr ) '̂̂ 2
Torque and speed expressions for the PTTTS arrangement of section 4.1.5 
The first turbine is connected to the sun of a epicyclic gear train as 
previously while the second turbine is connected to the reaction wheel 
of another epicyclic gear train see fig. 4.1.5.1VII.
The unknowns required are the speed of the first turbine the
speed of the second turbine the torque to output due to the
turbine torques Tg^' and
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For the first planetary gear set, substituting = O gives the 
equations as before i.e. A2.5 and A2.6.
For the second planetary gear set substituting = O in the basic 
equations gives :-
"sw" = "pc" (1 + gr') A2-8
and Tp^' = -Tgjj' (1 + gr') A2.9
The total output torque therefore becomes
(^) -W  = - ■̂T2 I - (1 + gr') - TT3 A2.10
